












































































































































































SUMMARY          7
With the completion of the sequencing of the human genome, much attention has been centered on 
the   study   of   human  genome  variability.   Single   nucleotide   polymorphisms   (SNPs)   are   the  most 












In  this  thesis,  novel bioinformatics methods are  introduced to facilitate  the analysis of genetic 
polymorphisms. The methods have been designed and documented around relevant tools to aid the 









implemented in a software suite,  PupaSuite  (http://pupasuite.bioinfo.cipf.es),  which  is  part  of  the 
Centro Nacional de Genotipado for SNP selection in association studies.
Second, a  tool  for visualization and analysis of array CGH data has been developed with the 




8          SUMMARY
interpretation of phenotype in the context of array CGH data.
Finally,   a  method  is  developed  for   analysis   of   genotype data   in   combination with   functional 
information, with the aim of finding functionally related polymorphisms, which, as a block, present 
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Normalmente los SNPs son sustituciones de una base, y si la mutación se fija en la población, 
existirán dos alelos, el normal y el mutado. Para que aparezcan un tercer y un cuarto alelo el mismo 
nucleótido  tiene que mutar otra vez en un  individuo y el   tercer alelo debe fijarse  también en la 
población.  La  combinación entre  los   beneficios   adaptativos   causados por   esas mutaciones,   y   la 
selección natural, así como la deriva genética, moldean el genoma en patrones únicos de variaciones 
genéticas en distintas regiones.










la estabilidad del mRNA (Capon  et al.,  2006). Los SNPs en las regiones intergénicas o  intrones 
también pueden ser funcionales si alteran los sitios de empalme (splicing), o si interrumpen o crean 
nuevos   sitios   de   unión   a   factores   de   transcripción   o   sitios   que   actúan   como   potenciadores   o 
silenciadores de la transcripción.








ligamiento   se   estudiaban  los   patrones   de   cosegregacion   de   los  marcadores  en   familias   para   la 
localización de genes. Posteriormente, después del  desarrollo  de  la   tecnología de  la   reacción en 
cadena de   la  polimerasa  (PCR)  (Mullis  et   al.,   1986,   1992),   los  marcadores  elegidos   fueron  los 



















se  identificaron CNVs en 1400  regiones que solapan con un 14.5% de  los  genes  implicados  en 
enfermedades humanas listados en OMIM (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM). Al 
igual que con los SNPs, es probable que la mayoría de CNVs sean variantes benignas que no causen 
enfermedad,   sin   embargo,  hay   variaciones   específicas   asociadas   con   enfermedades   comunes 
mendelianas  (Sebat  et  al.,  2007)  y  se han descrito diferentes condiciones,  incluyendo Parkinson, 
Alzheimer o la enfermedad de Crohn, cuya susceptibilidad a desarrollarse podría estar influenciada 
por CNVs (Lee y Lupski, 2006).
Las   aproximaciones   que   clásicamente  se   han  utilizado  para   el   estudio   de   estas   aberraciones 
genéticas utilizan la hibridación genómica comparativa (CGH), donde el DNA genómico se hibrida 
con cromosomas en metafase (Kallioniemi et al., 1992). Sin embargo, con el reciente desarrollo de las 
tecnologías de  los  microarrays  de DNA ahora es posible el  estudio de CNVs a   través de estas 
aproximaciones genómicas masivas mediante el uso de los llamados  arrays  de CGH (aCGH). Con 
esta técnica se sustituyen los cromosomas en metafase por clones mapeados de forma precisa en el 
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2. Estudios genéticos


















































causativo,   en   comparación  con   el   que   se   necesitaría   para   obtener   el  mismo   poder   estadístico 



























pedigríes de ancestro  conocido,  y  en cambio  la   asociación se  basa en  la   retención de variantes 
genéticas adyacentes a   través de varias generaciones (Cardon y Bell, 2001).  Así,   los estudios de 
asociación   pueden   ser   considerados   como   estudios   de   ligamiento   muy   grandes   de   pedigríes 
hipotéticos no observados.
En poblaciones crecientes, como humanos, la recombinación es la principal fuerza que elimina el 
18          INTRODUCCIÓN
ligamiento  y   la   asociación  a   lo   largo  de   las   generaciones  (Slatkin,   1994).  Cuando  aparece  una 
mutación funcional – tal vez una que contribuye a la enfermedad – lo hace en un haplotipo de otras 
variantes génicas que ya existían. Debido a que el ligamiento se centra sólo en ancestros recientes y 
normalmente   observables,   en   donde   ha   habido   relativamente   pocas   oportunidades   para   la 
recombinación,  las  regiones del  gen de  la  enfermedad que se  identifican por  ligamiento serán a 
menudo grandes, y pueden incluir cientos o incluso miles de genes a lo largo de muchas megabases de 
DNA. Por el contrario  los estudios de asociación surgen de recombinación histórica,  así  que  las 
































países  en  los   que   se   emplea un  amplio   rango de  plataformas  tecnológicas,  y   tanto   los  datos  y 













20          INTRODUCCIÓN
Figura 3. a) Los SNPs se identifican en muestras de DNA de varios individuos. b) SNPs contiguos que se heredan conjuntamente  
forman los haplotipos. c) Los "Tag" SNPs en los haplotipos identifican inequívocamente esos haplotipos. Si se genotipan los tres tag 
SNPs,   se   podrían   identificar   cual   de   los   4   haplotipos   de   la   figura   está   presente   en   cada   individuo  
(http://www.hapmap.org/whatishapmap.html).
El proyecto proporciona información muy útil para el mapeo genético de enfermedades donde la 





contrario,   el   consorcio   internacional  HapMap dice  que   incluso  las   variaciones  raras  pueden  ser 



































selección  o   análisis   de   los   individuos   control   y   podría motivar   la   invalidación   del   estudio   de 
asociación (Campbell y Rudan, 2002). 
Para todos los tipos de estudios de asociación es importante tener un grupo de controles de la 
















correcta  y  no  hay  asociación verdadera. Por   tanto   la   elección de   individuos  para  el   estudio  de 
asociación tiene que hacerse con mucha cautela para asegurarse una población homogénea y así evitar 
la estratificación. 
Existen   varios   métodos   que   permiten   controlar   la   estratificación.   Uno   de   ellos,   el   test   de 
transmisión de desequilibrio (TDT) es un diseño de casos/controles que utiliza controles familiares 
cuando  los   genotipos  parentales   se   conocen  (Spielman  et   al.,   1993;  Ewens   y  Spielman,   2005). 
Suponiendo un marcador bialélico, la estratificación se controla comparando las frecuencias alélicas 
de alelos que se transmite de un padre a un hijo afectado con las frecuencias de alelos que no se 
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Si   se   sospecha que  existe   estratificación,  es   posible   testarla  y   controlarla   usando marcadores 
genéticos seleccionados al azar (Pritchard y Rosenberg, 1999; Devlin et al., 2001). En la aproximación 
llamada Genomic Control (Devlin et al., 2001) los autores tratan de estimar y corregir la dispersión, 













estructura   poblacional,   como   STRUCTURE),   y   esos   muestreos   se   utilizan   para   evaluar   la 
significación estadística de un determinado score de asociación (obtenido de los locus más asociados) 
de forma que se cuenta  la fracción de  scores  de asociación permutados que son mayores que el 
observado.
3. El papel de la bioinformática: del pregenotipado al 
postgenotipado




Esta   disminución   de   costes,   junto   con   el   acceso  a   grupos   de   poblaciones  apropiadas,   están 
permitiendo una evaluación exhaustiva de las asociaciones entre variantes genéticas y enfermedad.
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Uno de los mayores desafíos es elegir  los SNPs diana que tienen  más  posibilidad de afectar al 













selección de tags. En su nivel más simple,  la  identificación de SNPs potencialmente  funcionales 
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comienza con  la  identificación de  los SNPs  localizados en  regiones conservadas o  en putativos 
elementos   reguladores,  es   decir,   en   regiones que   están potencialmente   conservadas debido   a   su 
función. Una vez que un polimorfismo putativamente funcional se ha identificado, el impacto de los 















no son correctas,  y  que esos falsos positivos son probablemente  responsables de  la  cantidad de 
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tenemos un fichero con los genotipos, permutando las etiquetas de fenotipos (casos y controles) se 























4. Selección de SNPs
4.1. La importancia de los SNPs funcionales
Las   enfermedades  genéticas   humanas   se   caracterizan   generalmente  por   un   amplio   rango  de 
variabilidad fenotípica que se manifiesta a distintas edades, y en distintos grados de severidad o de 
respuesta al tratamiento. Las causas que subyacen a esta variabilidad están influenciadas por distintos 
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(Ramensky  et   al.,   2002).  En   las   enfermedades  genéticas   simples   estas  mutaciones   suelen   ser 
mutaciones de aminoácido o mutaciones que producen un codón de terminación, y son fácilmente 
identificables debido a nuestro conocimiento de las reglas de traducción génica. Es cierto que las 
alteraciones de   la   secuencia  aminoacídica han  explicado  un gran número de   enfermedades. Sin 
embargo,   en  enfermedades complejas  está  ahora generalmente  aceptado que   las  variaciones que 
ejercen   sus   efectos   en   la   susceptibilidad   a   desarrollar   una   enfermedad   lo   hacen   a   través   de 
mecanismos más sutiles, entre los cuales la alteración de la expresión génica es mayoritaria (Knight, 
2005).
Así,   los   efectos   de   los   polimorfismos   de   DNA   de   ninguna  manera   se   limitan   a   regiones 
codificantes, las variaciones en regiones reguladoras pueden alterar la secuencia de sitios de unión a 
factores de transcripción o elementos promotores; variaciones en las zonas UTR del mRNA puede 





El primer paso para  identificar SNPs funcionales es determinar  la   región genómica donde se 
encuentra.   Ésta   es   la   base   para   elegir   herramientas   apropiadas   ya   que   son   completamente 
dependientes de la  localización de la variación dentro del gen o región reguladora. Parte de este 
análisis puede hacerse usando visores genómicos como Ensembl (Hubbard et al., 2007) o el buscador 
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de UCSC (Kuhn et al., 2007). Poner el polimorfismo en su contexto genómico es útil para evaluar las 
variaciones en términos de localización con respecto al gen (exónicos, intrónicos, UTR, codificantes, 
región promotora..),   o   en   regiones conservadas. Mooney mostró   que  en general,  las  mutaciones 
asociadas a enfermedad tienden a ocurrir en posiciones que están conservadas (Mooney et al., 2003; 
Mooney, 2005).


















veces   imposible   distinguir   entre   el   locus   causante   de   la   patología   real   y   sus   marcadores 
correlacionados.  Sin   embargo   proporciona   un   punto   de   partida   para   identificar   polimorfismos 
funcionales.
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secuencias  promotoras   en   humanos,  junto   con   otras   características   adicionales,   ha   cambiado  el 
objetivo de los algoritmos para la predicción computacional de promotores humanos.
Las   características   importantes   para   los   programas  de   predicción  de   promotores   incluyen   el 
contenido   en  GC,   el   ratio  CpG,  la   densidad  de   sitios   de   unión   a   factores   de   transcripción,   la 
composición de secuencias cortas y los elementos promotores núcleo como la caja TATA, DPE o Inr. 
Algunos de estos programas son por ejemplo, PromoterScan2 (Prestridge, 1995), Eponine (Down y 







mismos.  Mientras   que   la   predicción   de   promotores   trata   de   localizar   el   TSS   y   sus   regiones 
reguladoras, el objetivo de los métodos computacionales para el modelado y predicción de TFBSs es 
entender interacciones cis­trans para la regulación de la transcripción.
La  mayoría   de   los   TFBSs  son   secuencias  cortas   de   6­20   bases   localizadas  en   regiones   no 
codificantes de gen, casi siempre en la zona 5' aunque a veces en 3' o incluso en intrones.
Sin embargo sólo entre 4 y 6 bases dentro de cada TFBS están completamente conservadas, y el 













regiones reguladoras en general (Bejerano  et al.,  2004; Siepel  et al.,  2005) y este procedimiento 
mejora significativamente el poder de la predicción de TFBSs, como se demuestra en el ejemplo 
descrito en detalle en Lenhard et al. (Lenhard et al., 2003).
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4.2.2. Splicing
En organismos   eucariotas,  muchos   genes  están  interrumpidos  por   secuencias  no   codificantes 
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Para aumentar la fidelidad total de la reacción de splicing, existen otras secuencias adicionales en 
exones e   intrones. Esos  elementos  de secuencia que actúan en cis pueden actuar  aumentando o 





Figura   6.   La   figura  muestra   algunas   de   las   regiones   reguladoras   clave   que   controlan   la   transcripción,   el   splicing   y   el  


















RESCUE­ESE  predice   motivos   con   secuencias   ESE   basadas   en   el   análisis   estadístico   de 
diferencias en frecuencias de hexámeros entre exones e intrones y entre exones con sitios de  splice 





como   el   responsable   no   es   reconocido  por   ESEFinder   y   si   por   RESCUE­ESE,   aunque   esta 
herramienta también predice otros dos que podrían ser falsos positivos. 
Los factores que se unen a ESSs no se han caracterizado con el mismo detalle, sin embargo, se ha 
visto que algunas  ribonucleoproteínas nuclear heterogéneas (RNPnh)  podrían están  implicadas en 
interacciones con estos elementos (Baralle y Baralle, 2005).
Dos grupos han usado métodos computacionales para predecir ESSs (Sironi et al., 2004; Zhang y 
Chasin, 2004).  Los  dos  métodos asumen que  los  ESSs están enriquecidos  en pseudo­exones en 
comparación con exones reales. Sironi y colaboradores predijeron 3 motivos ESS, uno de ellos, con 









un  motivo   núcleo   consenso  y   se   encontró   que   tenían  un   enriquecimiento  significativo   de   103 


















capaces   de   formar   triple   hélices   (triplex­forming   oligonucleotide   target   sequences,   TTSs)   son 
secuencias de más de 10 polipirimidinas o polipurinas, cuya presencia es mucho más abundante de lo 





































de   propiedades   basadas   en   secuencia,   propiedades   estructurales   y   propiedades   derivadas   de 
alineamientos   de   secuencias   o   filogenias   (Mooney,   2005).   Entre   las   distintas   aproximaciones 
empleadas se encuentran métodos de reglas empíricas (Ng y Henikoff, 2001), árboles de decisión 
(Dobson  et al.,  2006, Krishnan y Westhead, 2003),  máquinas  de soporte de vectores (Bao  et al., 
2005), redes neuronales (Ferrer­Costa et al., 2002, 2004, 2005), redes bayesianas (Cai et al., 2004) o 
métodos de estima de presión selectiva  (Arbiza  et al., 2006). Aunque cada método es distinto, en 











al.,  2007)  o SNPeffect  (Reumers  et al.,  2005,  2006). Ésta última es  una base de datos de SNPs 
codificantes   no   sinónimos   potencialmente   funcionales,   que   utiliza   distintas   herramientas 
bioinformáticas basadas en secuencias o estructuras como FoldX (Fernandez­Escamilla et al., 2004), 
Tango (Schymkowitz  et al., 2005), AmyScan (López de la Paz y Serrano, 2004), Psort II  (Nakai y 
Horton,  1999),  O­GlycBase  (Gupta  et  al.,   1998)  o    Phosphobase  (Kreegipuu  et  al.,   1999),  para 
predecir el efecto que esos SNPs tienen en la estabilidad, dinámica, procesamiento postraducional o 
localización celular de las proteínas que los contienen.
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5.  Análisis  de  datos  procedentes  de  estudios  de 
asociación.
5.1. Análisis preliminar de los datos




ser debidas a  la estratificación de poblaciones,  incluso puede ser un síntoma de asociación a  la 

















independiente  tanto  del   fenotipo  como del  genotipo  real,  algo que  no  siempre es   cierto  ya  que 
variantes heterocigotas pueden  estar ausentes más  a menudo que las homocigotas, e incluso pude 
haber diferentes tasas de genotipos incompletos entre casos y controles si éstos se obtienen de forma 
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diferente (Clayton et al., 2005).
La estadística relacionada con el genotipado masivo está en pleno desarrollo como respuesta a las 
necesidades   actuales   de   los   investigadores.   Existen   varios   paquetes   estadísticos   que   calculan 
estadísticos básicos y realizan análisis  más  sofisticados que pueden ser utilizados para el análisis 
preliminar de los datos (Excoffier y Heckel, 2006). 
5.2. Métodos de análisis de asociación










que es posible que ciertos   loci estén contribuyendo al  desarrollo de  la enfermedad sólo  por sus 









no­paramétricos,   como   métodos   de  random   forests,   métodos   combinatoriales   o   las   llamadas 
aproximaciones  Two Steps,  más  exitosas a  la hora de manejar números grandes de predictores e 
identificar interacciones gen­gen (Bureau et al., 2005).
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Figura 8. Modelo de red neuronal  propuesto por Tomita y colaboradores. Este modelos se aplicó para analizar la relación entre  
asma infantil y 25 SNPs en 17 genes candidatos. (Figura obtenida de Tomita et al., 2004).
Una   de   sus   mayores   ventajas   es   su   habilidad   para   aprender   la   relación   entre   variables 
independientes y una variable resultado en un conjunto de datos, y a partir de ahí hacer predicciones 
en datos donde la variable resultado es desconocida. Una desventaja es que los parámetros de entrada 
y  la  arquitectura de  la   red debe ser especificada previamente y no hay una  regla empírica para 
generarla por lo que muchas veces hay que realizar procesos de ensayo y error. 
Para evitarlo, el algoritmo del GPNN optimiza no solo los pesos sino también los parámetros de 


















bootstrap  se   utilizan   para   estimar   el   error   de   predicción,  de   forma  que   los  marcadores  de   los 



















Los métodos  combinatoriales buscan sobre  todas  las posibles combinaciones de  factores para 
encontrar las combinaciones que explican mejor la variable resultado. Un ejemplo de este tipo de 
métodos que se ha aplicado a estudio de datos genéticos es el  Combinatorial Partitioning Method 
INTRODUCCIÓN          43






























entre  los  valores  fenotípicos medios). En contraste  con  la  aproximación exhaustiva  del  CPM, el 
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algoritmo del  RPM trata  de buscar  las particiones más razonables, haciendo un balance entre  la 




Otra  modificación  o   extensión  del  CPM es   el  método  Multifactor  Dimensionality  Reduction 
(MDR), desarrollado para analizar efectos genéticos y/o ambientales en una variable binaria como en 
casos y controles, en vez de en fenotipos cuantitativos. El método trata de identificar combinaciones 
de   genotipos   y   factores  medioambientales   discretos   asociadas  a   un   alto   riesgo  a   desarrollar   la 
enfermedad, así como combinaciones asociadas a riesgos bajos. Para ello el método define una sola 
variable   que   incorpora   información   de   varios   loci   y/o   factores  medioambientales   y   que   puede 
asociarse a combinaciones de alto y bajo riesgo. La validación cruzada y tests de permutaciones se 
utilizan para evaluar esta variable y el efecto combinado  (Ritchie et al., 2001).





multi­marker  para  el   análisis   de  datos   genéticos.  Estas   aproximaciones  se   denomina  así   porque 
constan de dos pasos:
i) selección de un número pequeño de marcadores potencialmente importantes.
ii) modelado   de   las   interacciones   entre   los   marcadores   importantes   y/o   predictores 
medioambientales.




(Hoh  et  al.,  2000).  En un  primer paso  los  autores  calculan estadísticos para cada SNP,  un  Chi 
cuadrado a partir de una tabla de contingencia de 2x3 que corresponde a los 3 genotipos de casos y de 
controles.  El   efecto   combinado de   todos   los  marcadores  se   obtienen por   la   suma de   todos   los 
estadísticos. Para evaluar la significación estadística de esta suma se calcula el P valor a partir de un 

























suma de  los 3 estadísticos mayores. Para cada Si  se calcula un nivel  de significación estadística 
mediante un test de permutación.
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Figura 9. Diagrama de flujo ilustrando el algoritmo implementado en la aproximación SAA.






global.   Los   SNPs   contenidos   en   la   suma   que   proporcionó   el   P   valor   más   pequeño   son   los 
seleccionados como asociados a la enfermedad.







INTRODUCCIÓN          47
incluidos en la suma, con lo que pueden perderse interacciones importantes con efectos débiles que no 
lleguen a dar un estadístico elevado (Heidema et al., 2006). Además este procedimiento no tiene en 




entre  marcadores  los   autores   propusieron   otra  modificación  que   ajusta   los   estadísticos   de   cada 
marcador considerando la correlación existente con los marcadores ya presentes en la suma (Wille et 
al., 2003). 





































integren  diferentes  fuentes  de   información biológica   que   facilite   la   interpretación  de   los 
resultados.
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1.1. Bases de datos y herramientas integradas en PupaSuite
La mayor parte de  la   información disponible en  las bases de datos de PupaSuite,   incluyendo 



































usando   el   programa   'subsetAxt'   (www.ensembl.org).   Estas   regiones   conservadas   y   altamente 
conservadas pueden ser usadas para dar mayor verosimilitud a las predicciones de funcionalidad.
Otros   programas  y   bases  de   datos   utilizados  en  PupaSuite  son  Match™   (Kel  et   al.,   2003), 






interconectada   y   se   distribuye   con   TRANSFAC®.   Utiliza   la   librería   de   matrices   de 
TRANSFAC® para  identificar  regiones promotoras en genes y localizar  los elementos de 
secuencia consenso que puedan representar sitios de unión para factores de transcripción  y 












se   agrupan  en   tres   categorías:   estructura  y   dinámica,  sitios   funcionales   y   procesamiento 






1.2. Búsqueda de SNPs con potencial efecto fenotípico
La aplicación web utiliza por tanto una base de datos precompilada, generada originalmente de 
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1.2.4. SNPs en silenciadores de splicing exónicos
Las secuencias exónicas obtenidas anteriormente para la búsqueda de ESEs se escanean de nuevo 
para   la   búsqueda   de   silenciadores   (ESSs).   Para   esta   búsqueda   se   utiliza   el   conjunto   de   ESSs 
candidatos (FAS­hex­3 set) obtenidos por Wang y colaboradores (Wang et al., 2004). Todos los SNPs 
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1.2.6. SNPs codificantes no-sinónimos con  putativo efecto patológico
Los SNPs que producen un cambio de amino ácido (nsSNPs) son probable que produzcan algún 
efecto fenotípico, y su putativo efecto patológico puede ser predicho por el algoritmo del programa 
Pmut  (Ferrer­Costa  et   al.,   2002,   2004,   2005).  Este   algoritmo   utiliza   información  basada  en   la 
secuencia (propiedades aminoacídicas e información evolutiva) y redes neuronales para procesar esa 














Por  último   el   efecto   patológico  de   los   polimorfismos   puede  ser   estimado mediante   estudios 
comparativos e información filogenética mediante el cálculo de la presión selectiva a nivel de codones 
(Arbiza et al., 2006).  Para cada uno de los SNPs no­sinónimos obtenidos de Ensembl se recoge su 












De   acuerdo   con   los   autores   del   método,   los   codones   con   mutaciones   que   se   encuentran 










ISACGH  recoge   los   datos   procedentes  de  microarrays  (clones,  BACs   u   oligonucleótidos)   y 
representa los valores de hibridación sobre sus correspondientes posiciones en el genoma, de acuerdo 
con  las anotaciones de Ensembl.  ISACGH acepta cualquier  tipo de  identificador para  las sondas 
incluido en Ensembl.
Para la estimación de las regiones con variación en el número de copia la herramienta incorpora 4 
































































un   test  de  Chi   cuadrado para  ordenar   los  SNPs  según  su  probabilidad  de  estar  asociados  a  la  enfermedad.  Se  selecciona  un  
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de   tablas   de   contingencia.  En   este   caso,   para   testar   la   asociación  alélica  de   cada SNP  con   la 
enfermedad se construye una tabla de contingencia 2x2 de frecuencias alélicas, donde cada celda es el 
número de veces que aparece un determinado alelo en los casos o en los controles (figura 11).















como arriba. En vez  de asumir  una cierta  distribución se puede construir  una distribución nula 
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adecuada mediante la permutación de las etiquetas de clase, ya que de esta forma se garantiza la 
independencia (la no asociación). En nuestro caso se permutan las etiquetas de clase, es decir se 
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sumando los estadísticos individuales que miden su asociación a la enfermedad, pero dando más peso 
a aquellos pares que interaccionan, de forma indirecta, a través de una asociación funcional.
3.4. Test de interacción proteína-proteína (test PP)
Este test se centra en SNPs que pertenecen a genes o proteínas que se conoce que interactúan en 




















3.6. Test de Pritchard-Rosenberg (test PR)
El test de Pritchard y Rosenberg (Pritchard y Rosenberg, 1999) evalúa las posibles asociaciones 
falsas que resultan de la presencia de estratificación de poblaciones en los datos. Las asociaciones 









poder  para  detectarla  dependerá  del  número de  marcadores   utilizados  en  el   test,   por   lo  que  es 
importante elegir un número lo suficientemente grande para asegurarse de que el test tiene suficiente 
poder para detectar una estratificación moderada.
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Bajo la hipótesis nula de no asociación, el estadístico global  S  sigue una  distribución de Chi 
cuadrado con n grados de libertad. Al estar los marcadores elegidos al azar, es improbable que estén 
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1. SNPs con posible efecto funcional
























Match™.  Sólo   se usaron PWMs generadas partir  de  la  colección de sitios  de unión al  DNA de 
vertebrados. En el  momento del análisis sólo había modelos de sitios de unión para 358 TFs de 
vertebrados,   mientras   que   el   número   de   distintos   TFs   en   mamíferos   se   ha   estimado   en 
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TFBS Secuencia Posición TFBS Score Matriz Efecto 
CDX aatacataaataaATAAA ­193  ­176 0.924 nuevo score:  0.916
POU1F1 aTGCATaaat ­192  ­183 0.991 nuevo TFBS
HNF1 cactaagaaaaATTAAaaata ­201  ­184 0.861 sin cambio




















































Esto   podría   potencialmente   explicar   la   tendencia   de   la   densidad   de   SNPs   opuesta   descrita 
anteriormente (Fairbrother et al., 2004).






























1.5. SNPs situados en TTSs
Los  tríplex de DNA  (Pauling y Corey,  1953;  Felsenfeld  et  al.,  1957)  se han propuesto como 
regiones reguladoras para el control de la expresión génica (Goñi et al., 2004). Las secuencias capaces 


















supone que casi un  5% de  los  SNPs del  genoma humano podrían  tener una posible   relevancia 
funcional en el genoma humano. 
Una característica que puede ser indicativa de las consecuencias dañinas de un alelo es la evidencia 
de   selección purificadora  (Zhao  et   al.,   2003). La  selección purificadora es   la   forma natural de 
selección  que   actúa   para   eliminar   selectivamente  mutaciones   dañinas.   Para   comprobar   si   hay 
evidencia de selección purificadora se buscaron, para todos los SNPs anotados como funcionales en 
las   categorías  anteriores,   los   datos   de   frecuencia  del   alelo  minoritario   (MAF)   para   las   cuatro 
poblaciones de HapMap. Estos datos se buscaron también para el resto de SNPs situados en las 
mismas zonas que no se predijeron como funcionales (tabla 4).











Sitios de splicing SP 1,122 0.047268 0.048400 0.050595 0.047870
ESSs ESS 17,957 0.124450 0.115093 0.115757 0.128984
pérdida ESEs pESE 91,613 0.118910 0.112145 0.112366 0.124283
pérdida ESEs conserv. pESEc 76,828 0.116024 0.109717 0.109830 0.121176
TTSs TTS 299,947 0.141657 0.131273 0.130902 0.150613
TTSs conserv. TTSc 47,549 0.139841 0.128183 0.127847 0.145238
nuevos TFBS nTFBS 43,850 0.143668 0.132240 0.131360 0.152110
nuevos TFBS conserv. nTFBSc 13,978 0.141991 0.130809 0.129825 0.148607
pérdida TFBS pTFBS 38,547 0.147128 0.133775 0.133442 0.156299
pérdida TFBS conserv.  pTFBSc 12,910 0.148071 0.131882 0.131761 0.153759
cambio score TFBS (dif. 
scores > 0.05)




cTFBSc 440 0.140244 0.124060 0.119353 0.157199
TOT. 499,640
No Funcional NF 3,485,559 0.143736 0.133256 0.132627 0.154290

















































1.7. SNPs codificantes no-sinónimos (nsSNPs)







sinónimas  y   sinónimas   respectivamente.  Arbiza y   colaboradores   utilizan  dos   aproximaciones,  el 
modelo de máxima verosimilitud (Yang y Nielsen, 2002) implementado en el paquete PAML (Yang, 
1997), y  el  método de  likelihood­ratio  (SLR)  (Massingham y  Goldman, 2005), para estimar  los 
valores   de    De   acuerdo   con   los   autores,   los   codones   con   mutaciones   que   se   encuentran 
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2. Herramientas bioinformáticas para la selección de 
SNPs: PupaSNP, PupasView y PupaSuite
Con el objetivo de facilitar el entendimiento de las implicaciones funcionales de los polimorfismos 









































LD uno  solo  de ellos proporcionará   la   información  suficiente para  los   análisis  de  ligamiento  o 
asociación.
Con la idea de añadir esta información se desarrolló en 2005 la segunda herramienta llamada 




PupasView   funciona  como   un   selector   donde   diferentes   filtros   basados   en   funcionalidad   y 
frecuencias poblacionales pueden  ser  aplicados  interactivamente  sobre parámetros  de LD con el 





















frecuencia  poblacional   elegidos.  Para   aquellos   SNPs   con   datos   de   genotipado   en  HapMap,  la 
herramienta muestra los datos de LD entre SNPs contiguos y los bloques de haplotipos generados con 
el programa Haploview implementado en PupasView (figura 22).









Posteriormente,   y   para   integrar   PupaSNP  y   PupasView   en  un   único   paquete   de   programas 
integrado, se creó PupaSuite (Conde et al., 2006). En PupaSuite no sólo se mejoró la funcionalidad de 
las   herramientas   sino   que   se   implementaron   nuevas   facilidades   como   el   análisis   de   datos   de 
genotipado del usuario para derivar haplotipos con información funcional o la inclusión de nuevas 
predicciones para el análisis de SNPs no­sinónimos.




ejemplo,   pertenecen   a   una   ruta   afectada   en   la   enfermedad),   o   genes   presentes  en   una   región 
cromosómica ligada a la enfermedad. En ambos casos la herramienta devuelve una lista de SNPs con 
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Además de analizar las propiedades funcionales incluidas en las anteriores herramientas también 
se han incluido análisis de polimorfismos en ESSs y se prevé la introducción de métodos adicionales 

































delecionada  o   amplificada.  Además   el   programa  incorpora  un   test   de   la   t   que   permite   evaluar 
expresión diferencial entre los genes con número de copia normal y los genes situados en las regiones 
con alteraciones.
La   herramienta   proporciona  diferentes  posibilidades  para   la   representación  de   los   resultados 
dependiendo del foco de estudio, ya que se pueden representar todos los cromosomas de una muestra 
o   un   solo   cromosoma  para múltiples  muestras   (figura  25).  Así,   la   representación   del   cariotipo 
completo   de   una  muestra   puede   ser   útil   en   los   análisis   de   genomas   enteros,  mientras   que   la 
representación a nivel de cromosoma es apropiado para detectar CNVs de loci relativas al resto de loci 
del mismo cromosoma, con independencia de la ploidía.


















Además de  la   información procedente de Ensembl,  ISACGH incorpora  información  funcional 
obtenida a través de la herramienta FatiGO (Al­shahrour et al., 2004), que emplea el test exacto de 
Fisher  para determinar  el   enriquecimiento  en  diferentes  categorías  funcionales  (rutas  de KEGG, 
motivos   de   InterPro,   Gene   Ontology,   etc.)   entre   los   genes   localizados   en   las   regiones 
delecionadas/amplificadas detectadas y el resto de genes del cromosoma.
Por ultimo, aunque ISACGH es una herramienta independiente, está completamente integrada en el 
paquete GEPAS (Herrero,  et  al.,  2003; Montaner  et  al.,  2006). GEPAS es un servidor web que 
incorpora los principales métodos para el análisis de microarrays, y la integración del ISACGH en 
GEPAS   le   proporciona   ventajas   adicionales  como  la   posibilidad   de   realizar   normalizaciones  o 
preprocesar los microarrays antes de su utilización con ISACGH. Por ejemplo, después de detectar un 
grupo de genes que coexpresan o  que  correlacionan con un   rasgo determinado, puede  ser muy 
interesante ver donde mapean en el genoma.
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bajo la hipótesis nula de no asociación. La proporción de  scores  permutados que exceden el  score 
visto en  los datos originales  se aproxima al  P valor de ese  score.  Si  este P valor obtenido por 














extremadamente altos podrían estar   indicando errores de genotipado. Por ese motivo  también se 
eliminaron   aquellos   SNPs  donde   la   distribución  alélica   en   la   población  control   no   satisface   el 
equilibrio de Hardy­Weinberg para un nivel de significancia =0.01 (2 > 6.635, =0.01, 1df).
Al final más de 100,000 SNPs se seleccionaron para el estudio.
4.1.2. Test de P valores (test PV).
La suma de estadísticos individuales se ha propuesto como primer método de análisis en estudios 
de   casos   y   controles   con múltiples   SNPs. En   esta   aproximación  se   selecciona  un   conjunto   de 
marcadores, se combina la contribución de cada uno de ellos mediante la suma de sus estadísticos 
individuales  y   se   testan   contra   la  hipótesis   nula   de  que  ninguno  de   ellos   está   asociado con  la 
enfermedad.
En el primer paso se evalúa la asociación alélica de cada SNP individual mediante el test de 2. En 
un segundo paso los SNPs se ordenan de forma creciente por su  2  y se calcula un  score  para los 
primeros 'n' SNPs tal y como se describe en la sección de material y métodos. El parámetro n puede 
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Figura 27. La figura representa, mediante puntos, la distribución de scores obtenidos por permutación. La linea roja indica el score 
obtenido sin permutar (S*). Solo un 1.68% de los Sp obtenidos al azar son menores que S*.





En general,   las  interacciones de riesgo entre  loci son más creíbles entre genes  implicados en 
interacciones físicas o entre genes que participan en la misma ruta metabólica o en las mismas redes 
reguladoras (Carlson et al., 2004).  Por eso, es concebible pensar que el uso de estadísticos de grupo 
para SNPs  relacionados  funcionalmente,  añadido a   los   estadísticos de SNPs  individuales,  puede 
incrementar la sensibilidad de detectar múltiples SNPs implicados en la enfermedad de estudio.
Partimos de la suposición de que grupos de SNPs pueden influir colectivamente en un proceso 
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a un grupo de SNPs. Para el conjunto de genes se calcula un  pairwise  score S*,  como la suma 
ponderada de los estadísticos locales, que tiene en cuenta no sólo los estadísticos de los SNPs sino 
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4.1.4. Estratificación de poblaciones
Como ya se ha comentado, la asociación entre marcadores genéticos y enfermedad puede aparecer 
por causas distintas al ligamiento, como por ejemplo por estratificación de poblaciones, dando lugar a 
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cuya suma ponderada de estadísticos (21  +  22) GOniv  es más alta y por tanto son los pares que 
contribuyen más a aumentar el S* funcional final.
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2GEN 1 2GEN 2 Score GO, nivel
17.461950 17.872760 8.314049 GO:0006468, niv.8
15.380947 17.872760 7.824402 GO:0006468, niv.8
15.380947 17.461950 7.727740 GO:0006468, niv.8
14.047195 17.872760 7.510578 GO:0006468, niv.8
14.047195 17.461950 7.413916 GO:0006468, niv.8
12.637103 17.872760 7.178791 GO:0006468, niv.8
12.637103 17.461950 7.082130 GO:0006468, niv.8
14.047195 15.380947 6.924269 GO:0006468, niv.8
11.444028 17.872760 6.898068 GO:0006468, niv.8
11.444028 17.461950 6.801407 GO:0006468, niv.8
12.637103 15.380947 6.592482 GO:0006468, niv.8
11.444028 15.380947 6.311759 GO:0006468, niv.8
12.637103 14.047195 6.278658 GO:0006468, niv.8
12.954845 13.378923 6.196181 GO:0006355, niv.8
12.637103 13.378923 6.121418 GO:0006355, niv.8
12.637103 12.954845 6.021635 GO:0006355, niv.8
11.444028 14.047195 5.997935 GO:0006468, niv.8
11.799879 13.378923 5.924424 GO:0006355, niv.8
11.799879 12.954845 5.824641 GO:0006355, niv.8
15.380947 17.405550 5.785852 GO:0005887, niv.6
15.340303 17.405550 5.778680 GO:0005887, niv.6
11.799879 12.637103 5.749878 GO:0006355, niv.8
11.444028 12.637103 5.666149 GO:0006468, niv.8
14.047195 17.405550 5.550484 GO:0005887, niv.6
11.481446 11.737892 5.463374 GO:0007207, niv.8
15.340303 15.380947 5.421397 GO:0005887, niv.6
12.375301 17.405550 5.255444 GO:0005887, niv.6
11.892701 17.872760 5.252728 GO:0006633, niv.6
14.047195 15.340303 5.186029 GO:0005887, niv.6
11.737892 17.405550 5.142960 GO:0005887, niv.6
11.490542 17.405550 5.099310 GO:0005887, niv.6







34 y sin embargo es   uno de los genes que contribuye más a aumentar el  score  ya que comparte 
funciones muy específicas con otros genes asociados a SNPs de estadísticos altos.
De hecho al observar los estadísticos de esos 16 genes se encuentra que la media es 12.86, que es 
ligeramente  menor que  la  media  de  los  34 genes  (12.93). Esto   indica que  esos  16  genes  están 
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contribuyendo a aumentar el score por el hecho de compartir GOs de niveles específicos, más que por 
el estadístico de los SNPs a los que están asociados.



















































(columna1),   su   identificador   y   el   nivel   al   que   aparece   anotado   (columna   2)   y   su   descripción   (columna   3).   Fuente 
http://www.geneontology.com
En esta tabla se puede comprobar que entre los procesos compartidos en los genes que contribuyen 
más   a   aumentar   el  score  funcional,   hay   un   término   GO,   “muscarinic   acetylcholine   receptor,  
phospholipase C activating pathway”, ampliamente relacionado con la enfermedad en estudio en la 
literatura (Fenech et al, 2001; Gosens et al., 2006), ya que recientes investigaciones indican que la 
acetilcolina,   actuando   en   los   receptores   muscarínicos   pueden   contribuir   a   la   fisiopatología   y 
patogénesis del asma (Gosens et al., 2006).
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El término GO "protein amino acid phosphorylation" aparece en los 10 pares de genes con mayor 
score. Si observamos en el árbol de términos GOs dónde se encuentra este termino, vemos que dos de 




receptor   complex”   y   “interleukin­4   receptor   complex”   están   relacionados   fuertemente   con   la 
enfermedad en la literatura (Battle et al., 2007; López et al., 2007).




fueron   obtenidos   por   azar,   en   el   sentido   de   que   esos   términos   pudieran  aparecer  debido   a   un 
enriquecimiento de esos términos en el conjunto de datos original, no sólo en los genes asociados a 
los mejores 100 SNPs. Para ello se obtuvieron todos los genes asociados a todos los SNPs originales.
Se utilizó   la  herramienta FatiGO (Al­Shahrour  et  al.,  2004),   la  cual  testea  la  distribución de 
términos GO entre dos grupos de genes por medio de un test de Fisher y ajusta los p­valores por FDR 









A   este   nivel   de   ontología   también   podemos   ver   que   el   término   "protein   amino   acid 
phosphorylation",  que se encontró con el método del test de GO también esta sobre­representado en 
el conjunto de genes ya que aparece en un 27.78% frente al 8.06% del total de genes (figura 31).













signaling pathway”   (figura 33),  ya que es  sabido que  las variaciones genéticas en determinados 
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SNPs óptimos   tienen que   ser   los  mejores marcadores posibles  para  enfermedades o   rasgos  que 
















Hoy   en   día   existen   numerosas   bases   de   datos   y   herramientas   bioinformáticas   con   mucha 
información   sobre   SNPs.   El   catálogo   principal   de   SNPs   es   la   base   de   datos   dbSNP 
(http://www.ncbi.nlm.nih.gov/projects/SNP), pero otras bases de datos más generales como Ensembl 











información  de   fenotipos   asociados  con   SNPs,  como  i)  'The  Human  Gene Mutation  Database' 
(HGMD), de la Universidad de Wales en Cardiff (Stenson et al., 2003), que clasifica a los SNPs de 
acuerdo   con   la   lesión   que   causan   (variantes   de  splicing,   mutaciones   terminadoras,   pequeñas 
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Obviamente la alteración funcional de codones muy conservados y sitios de splicing, que provocan 
una alteración de la estructura y función de la proteína, se detectan de una forma más fácil que las 
alteraciones   de   regiones   reguladoras   menos   conservadas   como   promotores,   potenciadores, 
silenciadores o intrones. Estas alteraciones son más complicadas de predecir,  y sólo se conoce el 
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análisis   funcional   de   regulación  y  splicing  de   genes   (tabla   10),   no   hay  muchas   herramientas 



































































PupaSuite,   encontramos   que   el   porcentaje   total   de   nsSNPs   predichos   como   patológicos,   por 
cualquiera de los 3 métodos, es de un 28% (17,242 nsSNPs, figura 35).


























propiedades  (propiedades  de   secuencia,  estructurales,   sitios   funcionales...)   a   partir   de   distintos 









predicción   funcional   dañina   de   esos   SNPs   (Rudd  et   al.,   2005),   es   decir,   los   alelos   que   son 














factores  multigénicos y  medioambientales  para  causar  la   enfermedad. Es  creíble  pensar  que   las 
enfermedades comunes estén controladas por mecanismos genéticos más complejos caracterizados 






las   conclusiones   derivadas   de   este   tipo   de   predicciones   bioinformáticas   deben   tomarse   con 
precaución. Debido   a   la   enorme  complejidad de  genes,   tránscritos   y   proteínas,  existen  infinitas 
posibilidades de formular hipótesis sobre la funcionalidad de los SNPs y probablemente es posible 
asignar un efecto potencialmente dañino casi a todos los SNPs. Pero claramente el genoma humano no 
contiene   millones   de   mutaciones   potencialmente   dañinas,   por   tanto   es   importante   tratar   las 
predicciones in silico  con prudencia, ya que las predicciones son precisamente eso, predicciones, y 
para  caracterizar   el  mecanismo molecular  de  un  SNP con potencial  efecto   funcional puede  ser 







JASPAR   (Sandelin  et   al.,   2004),   cuyos   modelos   derivan   de   81   PWMs   verificadas 
biológicamente  y los programas MatScan y Meta (http://genome.imim.es). MatScan es una 
programa de búsqueda de sitios de unión en secuencias genómicas. Debido a que el programa 






los sitios de  splicing  a  lo  largo de la secuencia. Aunque en principio es un programa de 
predicción in silico de genes, se puede utilizar para la búsqueda de nuevos sitios de splicing.















copia adicional del cromosoma 21 en el  síndrome de Down. Por  tanto,  la variación genética en 
humanos varía entre un cambio de una base, hasta diferencias cromosómicas de varias megabases 
detectables por microscopio.




que   pueden   jugar   papeles   importantes   tanto   en   enfermedades  como  en   respuesta   a   drogas,   y 
comprender los mecanismos de la formación de CNVs puede también ayudar a entender mejor la 
evolución del genoma humano. Varias instituciones han empezado a desarrollar bases de datos de 
CNVs   asociadas   con   condiciones   clínicas,   como   la   'Database   of   Genomic   Variants' 
(http://projects.tcag.ca/variation), obtenida a partir del estudio de aproximadamente 1,000 genomas de 
individuos sin  ningún  fenotipo de enfermedad aparente,  el   'Human Genome Structural Variation 
Project' (http://humanparalogy.gs.washington.edu/structuralvariation) y la 'Database of Chromosome 
Imbalances   in   Phenotypes   Using   Ensembl   Resources,   DECIPHER' 
(http://www.sanger.ac.uk/PostGenomics/decipher), creada por el Wellcome Trust Sanger Institute.
La nueva generación de tecnologías basadas en  microarrays  de DNA permitirá la detección de 

















escala   se   han   considerado   como   una   gran   promesa   para   estudiar   las   bases   genéticas   de   las 














DISCUSIÓN          125
forma  individual, pero cada vez hay  mas evidencia, gracias a  organismos modelos  y  a  estudios 
humanos, que sugieren que las  interacciones entre  loci contribuyen en gran medida a  los rasgos 
complejos. La complejidad de  muchas enfermedades puede  surgir  por   el  hecho de que muchos 



























y   se  proporcionó   una  significación estadística  mediante  el   test  de permutación. Se observó  una 



















integración  de   diferentes  tipos   de   datos   para   conseguir   una   visión  más   completa   de   la 
















5. El método en el que se  incluyen  las anotaciones de Gene Ontology mostró   resultados 
prometedores cuando se aplicó a un estudio de casos/controles con individuos afectados de 
asma, encontrándose una asociación significativa entre el score y la enfermedad (p=0.0046).
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ABSTRACT
We have developed a web tool, PupaSNP Finder
(PupaSNP for short), for high-throughput searching
for single nucleotide polymorphisms (SNPs) with
potential phenotypic effect. PupaSNP takes as its
input lists of genes (or generates them from chromo-
somal coordinates) and retrieves SNPs that could
affect the conserved regions that the cellular machin-
ery uses for the correct processing of genes (intron/
exon boundaries or exonic splicing enhancers), pre-
dicted transcription factor binding sites (TFBS) and
changes in amino acids in the proteins. The program
uses themapping of SNPs in the genome provided by
Ensembl. Additionally, user-defined SNPs (not yet
mapped in the genome) can be easily provided to
the program. Also, additional functional information
from Gene Ontology, OMIM and homologies in other
model organisms isprovided. In contrast toother pro-
grams already available, which focus only on SNPs
with possible effect in the protein, PupaSNP includes
SNPs with possible transcriptional effect. PupaSNP
will be of significant help in studies of multifactorial
disorders, where the use of functional SNPs will
increase the sensitivity of identification of the
genes responsible for the disease. The PupaSNP
web interface is accessible through http://pupasnp.
bioinfo.cnio.es.
INTRODUCTION
Single nucleotide polymorphisms (SNPs) are the simplest and
most frequent type of DNA sequence variation among indi-
viduals and they represent one of the most powerful tools
for the analysis of genomes (1). Owing to their widespread
distribution, SNPs are particularly valuable as genetic markers
in the search for disease susceptibility genes, drug response-
determining genes, and so on. In the past decades, linkage
analysis has been very successful in the identification of
genes responsible for mendelian diseases. Nevertheless, direct
application of linkage analysis to the case of complex diseases,
in which several genes with weaker genotype–phenotype cor-
relations are involved, has resulted in more modest success
(2). Now, it is believed that improved genotyping methods in
combination with the proper design strategies could bring the
genetics of complex diseases to a point of success comparable
to where mendelian genetics now firmly resides (3).
There are examples documented in which alleles of more
than one gene contribute to the same disease. It is generally
believed that multigenic diseases reflect disruptions in the
proteins that participate in a protein complex or a pathway
(4). Typically, SNPs have been used as markers; that is, the
real determinant of the disease was not the SNP itself but some
other mutation in linkage disequilibria with it.
The use of functional SNPs could be an important factor for
increasing significantly the sensitivity of association tests. In
fact, several complex genetic disorders such as Alzheimer’s
disease (5) and Crohn’s disease (6) have been associated with
functional SNPs, lending credence to strategies giving priority
to candidate markers based on predictable function. The latest
build of NCBI’s dbSNP (http://www.ncbi.nlm.nih.gov/SNP/
snp_summary.cgi) contains 5 772 564 SNPs, with 2 356 957 of
them validated. This means that human variation has been
screened to an average resolution of 1 SNP for every 566 nt.
There is also curated information on SNPs in HGVbase (7).
These figures suggest that the possibility of finding the real
determinant of a disease among the characterized SNPs can
be seriously considered. In fact, dbSNP build 117 contains
24 483 SNPs located in coding regions that produce amino
acid change, affecting a total of 9791 different genes. Several
estimate suggest that, overall, only 20% of them could damage
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the protein (8). Much attention has been focused on the
possible phenotypic effects of SNPs that cause amino acid
changes. The volume of available information together with
the development of more sophisticated methods of protein
structure prediction has led to different attempts to relate
the effect of amino acid changes to structural distortions
and, consequently, possible phenotypic effect. Following
this, two main different approaches have been taken: on the
one hand is the study of conservation of residues in homo-
logous proteins (9) including more sophisticated approaches
taking into account the phylogenetic history (10) and, on the
other hand, there is the study of changes in the stability
(11,12) and other properties of the protein due to changes
of amino acids (8,13).
Nevertheless, there are different ways in which the func-
tionality of a gene product can be affected without requiring a
amino acid change in the protein. There is increasing evidence
that many human disease genes harbour exonic or non-coding
mutations that affect pre-mRNA splicing (14). Alternative
splicing produced by mutations in intron/exon junctions, or
in distinct binding motifs, such as exonic splicing enhancers
(ESEs), to which different proteins involved in splicing bind,
is the basis of different diseases. In fact, it has been estimated
that 15% of point mutations that result in human genetic dis-
eases cause RNA splicing defects (15). For example, a silent
mutation in exon 14 of the APC gene is associated with exon
skipping in a Familial Adenomatous Polyposis (FAP) family
(16), and there are many more examples [see Table 2 in (14)].
Also, alterations in the level of expression of gene products
can cause diseases. Different SNPs are associated with altera-
tions in gene expression (17) and, in some cases, it is known
that they alter some regulatory sequence motif. For example, a
regulatory polymorphism in the programmed cell death 1 gene
(PDCD1), which alters a binding site for the runt-related tran-
scription factor 1 (RUNX1) located in an intronic enhancer, is
associated with susceptibility to systemic lupus erythematosus
in humans (18). It has also been reported that polymorphisms
in the gelatinase A promoter region are associated with dimin-
ished transcriptional response to estrogen and genetic fitness
(19). A recent large-scale screening over a set of 16 chromo-
somes, found SNPs in the promoters regions of 35% of the
genes, and experimental evidence suggested that around one-
third of promoter variants may alter gene expression to a
functionally relevant extent (20). Therefore, the inclusion of
other possible causes of loss of functionality in gene products,
beyond the simple estimation of the possible phenotypic effect
of an amino acid change, increases considerably the number of
SNPs with potential phenotypic effect to be considered for the
design of experiments.
Classical statistical linkage tests need a large number of
cases if the number of genes to be tested is high. It has
only recently been recognized that reliable identification of
genetic variants that affect gene regulation is still a challenge
in genomics and is expected to play an important role in the
molecular characterization of complex traits (21). Another
important consideration when analysing multigenic traits is
the information available on the genes. Information allows
a more targeted approach, by focusing initially on genes
whose functionality is related to the disease studied.
Genome surveys based on the information contained in
dbSNP show that there are 361 SNPs mapped in splice sites
of introns, 1 387 506 in introns and 242 842 in untranslated
regions affecting 336 16 306 and 14 198 genes, respectively. A
number of these SNPs could be disease determinants.
With the idea of extracting as much information as possible
form SNPs with putative phenotypic effect, we have devel-
oped PupaSNP Finder (Putative Phenotypic Alterations caused
by SNPs; PupaSNP for short). This tool retrieves all the SNPs
present in a set of genes of interest that potentially affect the
functionality of the gene product. This list is combined with
functional information obtained from Gene Ontology (GO)
annotations (22). Genes can be directly retrieved from geno-
mic locations or, alternatively, can be taken from a list pro-
vided by the user. This corresponds to two typical problems:
(i) traits mapped to a given chromosomal region or (ii) traits
associated with a given class of genes (e.g. a signalling path-
way). Genome coordinates of genes and SNPs are taken from
the Ensembl annotation (23).
METHODS
Finding SNPs with potential phenotypic effect
PupaSNP operates with a collection of entries from dbSNP
mapped to the Golden Path genome assembly, as implemented
in human section of Ensembl (http://www.ensembl.org). As
previously mentioned, PupaSNP uses a list of genes and gen-
erates a report in which all the SNPs with possible phenotypic
effect are listed. The genes can be selected directly by their
location in a region of the genome, or just provided as a list
(e.g. genes belonging to a given pathway, involved in a parti-
cular biological function). Genomic regions can be selected
either by defining a range of chromosome coordinates or by
directly choosing the cytoband of interest. The engine finds all
the genes located within the specified region as well as their
promoter regions using Ensembl APIs. In the case of a user-
defined list, Ensembl is used to extract their complete intron/
exon structure as well as the promoter regions.
The potential effects on the phenotype taken into account
are at both transcriptional and gene product levels.
These include alterations in (i) transcription factor binding
sites, (ii) intron/exon border consensus sequences, (iii) ESE
sequences, which are the binding sites for specific serine/
arginine-rich (SR) proteins involved in the splicing machinery
(24,25) and (iv) the exons that cause an amino acid change.
Additionally, the GO terms (22) associated with the genes can
be obtained. This is very useful in the case of looking for genes
in a chromosomal region, because it can help to discard genes
definitively not involved in the disease studied, based on the
annotations.
Transcription factor binding sites. In the search for SNPs
with potential phenotypic effect, 10 000 bp upstream of the
genes, belonging to the promoter region of each gene in the
list, are scanned for the presence of possible transcription
factor binding sites (TFBSs). The program MatchTM (26),
version 1.10, from the Transfac1 database (27), version pro-
fessional 7.3, was used for this purpose. SNPs located within
these motifs are considered to have a putative phenotypic
effect in the expression of the gene. The options used for
the program MatchTM were (i) group of matrices: vertebrates,
(ii) use high quality matrices only and (iii) cutoff selection for
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matrix group: to minimize false positives. This cutoff was
obtained by exploring the third exon sequences with the
weight matrices and was chosen to reduce the number of
random putative sites found by the program (26).
Although the scan is done in a region 10 000 bp upstream
from the start of the gene, the number of bases to be taken into
account in the study is customizable. Obviously, the closer to
the start of the gene, the more likely the binding site is to be
authentic.
Intron–exon boundaries. Ensembl APIs were used to extract
the intron/exon organization of the genes and the correspond-
ing sequences. The two conserved nucleotides at each side of
the splicing point, which constitute the splicing signal (14),
were then located and all the SNPs altering these signals are
recorded.
Exonic splicing enhancers. Mutations that deactivate or acti-
vate exonic splicing enhancer sequences may result in exon
skipping, malformation, and so on. ESEs also appear to be
important in exons that normally undergo alternative splicing.
Different classes of ESE consensus motifs have been
described, but they are not always easily identified. We
have developed a script that scans exon sequences to identify
putative ESEs responsive to the human SR proteins SF2/ASF,
SC35, SRp40 and SRp55, by using the weight matrices avail-
able for them (28). A score is obtained related to the likelihood
that the site found is a real ESE. Only ESE sites with scores
over the threshold [see (28) and http://exon.cshl.org/ESE/
ESEmatrix.html for details] are taken into account in the ana-
lysis. Threshold values, above which a score for a given
sequence is considered to be significant, are set as the median
of the highest score for each sequence in a set of 30 randomly
chosen 20 nt sequences (from the starting pool used for func-
tional assays for ESE identification; see http://exon.cshl.org/
ESE/ESEmatrix.html). If an SNP disrupts one of these
sequences, the new score, corresponding to the mutated
sequence, is also calculated. Strong differences between the
two score values suggestmore drastic effects caused by the SNP.
Changes at aminoacid level and functional implications. SNPs
that result in a change of amino acid are likely to cause some
phenotypic effect and, consequently, are all listed. Since the
main purpose of the tool is to cover possible transcriptional
effects of the SNPs and there are a number of tools already
available for the prediction of phenotypic effects due to muta-
tions in amino acids (see Introduction) PupaSNP only lists
them. To help in the identification of possible effects we label
SNPs that disrupt any functional motif as listed in Interpro (29),
a resource that compiles information on protein families,
domains and functional sites. The coordinates of the Interpro
motifs within the exons of the genes are extracted from
Ensembl and cross-referenced with the SNPs coordinates.
Additional functional information. Since PupaSNP finder
works with lists of genes in order to select the best SNP
candidates for further use in association analysis, it is very
helpful to have functional annotations of the genes. This
allows the assignment of priorities based also on the informa-
tion available on the genes. Information is obtained from (i)
Gene Ontology annotations, obtained through the FatiGO
engine (30) (available at http://fatigo.bioinfo.cnio.es), (ii)
OMIM (Online Mendelian Inheritance in Man), which con-
stitutes a comprehensive, authoritative and timely knowledge
base of human genes and genetic disorders (31) and (iii) homo-
logies to other organisms, obtained directly from Ensembl.
Gene Ontology is a tree structure (called a directed acyclic
graph) in which terms describing three fundamental ontologies
(molecular function, biological process and cellular compo-
nent) have descendants with more detailed descriptions. Thus,
descending the hierarchy of GO implies moving towards terms
with more detailed descriptions of the ontologies, but, at the
same time, there are fewer genes with annotations at such
detail. FatiGO works by climbing up the hierarchy to a
selected parent level (30) to optimize the number of genes
with annotation and the detail of the annotation. Thus, the
identification of common parent functions or processes is
easier. In this way, the consideration of the SNPs in a func-
tional context can help to understand the potential biological
implications of the SNPs and genes studied.
RESULTS
SNPs with possible phenotypic effect
We analysed a total of 24 037 human genes corresponding to
the annotations in Ensembl build 34 (version 18.34.1), which
contains the mapping of dbSNP 117. By scanning with the
MatchTM program the 10 000 bp upstream promoter regions of
the genes, 2 587 478 transcription factor binding sites, corre-
sponding to 330 different Transfac weight matrices (27), were
found. After mapping the SNPs in the promoter regions,
71 444 TFBSs were found to be disrupted by a total of
57 412 SNPs (some SNPs affect more than one TFBS at the
same time). A total of 19 010 genes presented at least 1 pre-
dicted TFBS disrupted by a SNP, which constitutes a consid-
erable proportion of the total number of genes. The coverage
in terms of both SNPs and TFBS predictions was good: only
for 54 genes was no single SNP found in the 10 000 bp 50-
upstream region, and only for 2 genes could no predicted
TFBS be found (ENSG00000116119, or KV2A_HUMAN,
which is the IG KAPPA CHAIN V-II REGION CUM, and
ENSG00000174994, or AK057375, which seems to be a DNA
binding protein). In a number of cases, SNPs affect overlap-
ping TFBSs, which could have a stronger effect still in the
phenotype. There are even 2 SNPs that simultaneously affect
15 TFBSs.
The four conserved bases that define intron–exon bound-
aries were mutated by 844 SNPs, affecting to a total of
598 genes.
Over eight million ESE motifs were found, covering all the
genes studied. A total of 138 746 SNPs were found to disrupt
ESE sequences. These SNPs affect a total of 17 312 genes.
These results suggest that, in the search for SNPs with
potential phenotypic effects, regulatory SNPs or SNPs affect-
ing splicing should not be neglected.
The web interface
Input data. PupaSNP has been designed for high-throughput
screening of functional SNPs. Thus, the input consists of a list
of genes. The list can be directly provided as a collection of
gene identifiers (Ensembl IDs, or external IDs, which include
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GenBank, Swissprot/TrEMBL and other gene IDs supported
by Ensembl) or can be specified by means of a chromosomal
location (cytobands or chromosomal coordinates). In the latter
case, PupaSNP extracts all the genes contained in the specified
location. Ensembl coordinates are used to extract the genes.
Only Ensembl annotated genes, but not predictions, are
extracted.
User-defined SNPs. Alternatively, the user can input SNPs
not in the database in a very straightforward manner and
take advantage of the tools for predicting their potential phe-
notypic effect. A text file containing the descriptions of the
SNPs must be generated. Each line describes one unique SNP
with the following tab-delimited data: SNP name, gene
(Ensembl ID or external ID), position with respect to the
start of the translation and alleles, e.g.
MySNP01 ENSG00000000003 -1830 A/G
MySNP02 ENSG00000157873 421 C/G
This describes two SNPs: the first in the gene
ENSG00000000003 (tetraspanin 6, or TSPAN6), 1830 bp
away from the transcription start point, with polymorphisms
consisting of a change of an A for a G; and the second in gene
ENSG00000157873 (tumor necrosis factor receptor-like 2,
TNFRSF14), 421 bp within the transcripted region, which
corresponds to the first exon of the gene.
The web interface. Aweb interface to PupaSNP is available at
http://pupas.bioinfo.cnio.es/. Lists of genes can be defined
by chromosome position, which can be specified in terms
of cytoband units or in absolute chromosomal position (as
mapped in the corresponding Ensembl assembly). The up-
stream region makes reference to the number of bases
upstream in which TFBSs will be searched for (with a
upper limit of 10 000 bp). Also, lists of genes can be uploaded
or just pasted into the box. PupaSNP finds all the SNPs map-
ping to locations that might cause a loss of functionality in the
genes. Functional information for the genes can also be
obtained from OMIM and from Gene Ontology. Information
on homologous genes can also be retrieved. Finally, SNPs do
not need to be annotated in the genome to be included in the
query tool. The user can specify a list of SNPs using a gene as
reference. In this way the use of absolute coordinates, which
can easily change between assembly versions, is avoided in
favour of the use of coordinates relative to genes, which tend to
be more stable. Results include SNPs in a the promoter region
of the genes, SNPs located at intron boundaries, SNPs located
at exonic splicing enhancers and coding SNPs located at Inter-
pro domains. Figure 1 shows part of the results provided by the
program for the SNPs with possible phenotypic effect on genes
in the p36.33 cytoband of chromosome 1. Figure 1C is espe-
cially interesting because it shows how the scores obtained by
the motif scanning method can be used to assess the possible
impact of the polymorphism on the recognition of the ESE
motif by the cellular machinery.
Both the SNPs and the genes found are linked to the
Ensembl Genome Browser.
Experimental validation
The validation status of the SNPs is, in some cases, a much
more important factor for their selection than their possible
functional role. Such information is scarce: 2 359 534 out of
5 798 183 SNPs in dbSNP build 118 have been validated,
which constitutes 40%. However, only 160 466 have estimates
of population frequencies and only 94 867 have a phenotype
associated. To obtain a sense of the reliability of the SNPs
annotated with ‘no-info’, a set of SNPs was sought for a list of
candidate modifier genes related to a phenotype exhibited by
MEN2 (Multiple endocrine neoplasia, type IIA) patients
(OMIM, #171400), all of them RET mutation carriers.
MEN2 is an autosomal dominant syndrome of multiple endo-
crine neoplasms, with variable clinical expression even
between members of the same family. This fact cannot be
explained only by a mutation in a major susceptibility gene,
but suggests a role for genetic modifiers, which may also work
through quantitative effect.
In most of cases, it was necessary to validate the putative
SNPs identified by PupaSNP because there was no information
about validation status. To validate SNPs and estimate their
allele frequency, 48 non-related individuals from the Spanish
population were used. The specific primers used to amplify the
fragments of interest by PCR (polymerase chain reaction)
were designed using the OLIGO 4.1 program. When possible,
the primers were selected and designed to amplify a fragment
(200–500 bp) that allowed us to investigate several SNPs at the
same time. As a denaturing high-performance liquid chroma-
tograph (dHPLC) system (WAVE, Transgenomics Limited,
Crewe, UK) was used for the initial SNP screening, the frag-
ments of interest had a homogeneous GC content across dif-
ferent domains from the DNA fragment to obtain a consistent
melting profile. The Navigator software was used for data
handling and optimization of the dHPLC system. After nor-
malization, each PCR product that exhibited a change in the
chromatogram profile was characterized by sequence analysis.
These PCR products were purified using an E.Z.N.A. Cycle-
Pure Kit (Omega Bio-tek, USA) according to the man-
ufacturer’s instructions, and sequenced using an automatic
sequencer ABI PRISMTM 3700 (Applied Biosystems. Perkin
Elmer, USA). The reaction was carried out in 4 ml of a Big Dye
terminator cycle sequencing Kit (Perkin Elmer, USA), 10 pmol
of the sense/antisense primer, 5% DMSO and 6–12 ng of
amplified DNA. Although the results obtained here do not
pretend to be capable of general extrapolation to the entire
database, we have found that 24 out of 28 SNPs assayed
proved to be authentic and polymorphic in the Spanish popu-
lation, which constitutes a good rate.
DISCUSSION
Typically, SNPs have been used as markers to search for the
real determinant of a disease in linkage disequilibria with it. As
previously mentioned, the use of functional SNPs, which may
be the real disease determinants, could be an important factor
in increasing the sensitivity of association tests.
Despite the obvious importance that alterations in the reg-
ulation, expression level or splicing of genes can have for the
phenotype, these have long been ignored in the most common
approaches to finding functional SNPs, which have instead
focused more on the possible effect of polymorphisms causing
amino acid changes. Apart from the databases mentioned
above (dbSNP and HGVbase), there are a number of resources
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available over the net collecting information on phenotypes
associated with SNPs, such as The Human Gene Mutation
Database (http://www.hgmd.org) at the University of Wales,
which classifies SNPs according the lesion they cause
(missense substitutions, splice variants, and so on) (32) and
PicSNP, a catalogue of non-synonymous SNPs obtained from
the human genome assembly (33). However, these are mainly
specialized catalogues collecting information on SNPs rather
than tools for their selection.
PupaSNP constitutes a tool for selecting SNPs with putative
phenotypic effects designed for high-throughput experiments.
It deals with lists of genes, instead of focusing on individual
genes. In addition, more information on different possible
motifs with regulatory function has been included. For exam-
ple, SNPs in ESE had never previously been included in any
catalogue.
Multigenic diseases are generally associated with disrup-
tions in proteins that participate in a protein complex or a
pathway (4). The inclusion in PupaSNP of information regard-
ing the participation of genes in signalling cascades or in
pathways or in protein complexes will be considered in the
near future. Databases containing protein interaction data,
such as DIP and BIND (see http://www.hgmp.mrc.ac.uk/
GenomeWeb/prot-interaction.html), can be an important
source of information to be considered in the search for
SNPs affecting multigentic traits.
Despite the fact that PupaSNP is more focused on
SNPs with possible effects at transcriptional level, the
inclusion of an algorithm for improving the predictions of
the effect of SNPs in the proteins, such as FoldX (12),
would provide, within the same framework, both types of
result.
Minimum SNP set selection allows the user to optimize
the number of SNPs required to represent haplotype diversity,
thus reducing the cost of genotyping by assaying the mini-
mum number of SNPs required. The inclusion of information
on linkage disequilibrium or on haplotype blocks can assist in
a more efficient selection of SNPs. Some programs, such as
HapScope (34), include information on haplotypes and use
them to select minimum subsets of SNPs. Another important
issue is the reliability of the SNPs. As previously mentioned,
only 40% of the SNPs in dbSNP have been validated, and
only for 5% are population frequencies are available. This
means that most of the SNPs found in any kind of selection
will lack information on their possible presence in the
population of interest as a manageable polymorphism. Even
though our results suggest a high rate of authenticity, even for
the SNPs labeled as ‘no-info’, they must be treated carefully
Figure 1. A selection of results from PupaSNP. (A) List of genes and the corresponding transcripts with the SNPs mapping to the different regions, which include
coding and 50- and 30-untranslated regions. For coding SNPs, the position within the transcript and the change produced (if any) is reported. (B) SNPs located in the
promoter regions (in the example, a limit of 4000 bp was chosen). Disruptions of predicted TFBSs are listed. The validation status of the SNPs (‘no-info’,
‘by-submitter’, ‘by-frequency’, ‘by-cluster’; see dbSNP web page) is also provided. (C) SNPs located at exonic splice enhancers. The scores make reference to the
closeness of the site to the motif. If the polymorphism gives a site with a worst score, this would, generally speaking, probably imply worst recognition of the site by
the cellular machinery and, consequently, a putative alteration in the normal splicing process. When the cursor is over the gene name, additional information is
displayed.
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and cannot be directly extrapolated to the entire database.
As population frequencies are included in the database,
these data could be of interest for use as part of the selection
process of SNPs
PupaSNP will be the tool used in the first step of the pipeline
for the study of polymorphisms at the Spanish National
Genotyping Centre (CeGen). For this reason it has been deve-
loped to cope with high-throughput experimental designs.
PupaSNP takes as input lists of genes (or generates them
from chromosomal coordinates) and provides results which
integrate all the information available as well as obtained
by means of predictions of SNPs with possible functional
consequences.
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ABSTRACT
We have developed a web tool, PupasView, for the
selection of single nucleotide polymorphisms (SNPs)
with potential phenotypic effect. PupasView consti-
tutes an interactive environment in which functional
information and population frequency data can be
used as sequential filters over linkage disequilibrium
parameters to obtain a final list of SNPs optimal for
genotyping purposes. PupasView is the first resource
that integrates phenotypic effects caused by SNPs at
both the translational and the transcriptional level.
PupasView retrieves SNPs that could affect conserved
regions that the cellular machinery uses for the correct
processingofgenes(intron/exonboundariesorexonic
splicing enhancers), predicted transcription factor
binding sites and changes in amino acids in the
proteins for which a putative pathological effect is
calculated. The program uses the mapping of SNPs
in the genome provided by Ensembl. PupasView will
be of much help in studies of multifactorial disorders,
wheretheuseoffunctionalSNPswill increasethesens-
itivity of the identification of the genes responsible for
thedisease.ThePupasViewwebinterfaceisaccessible
through http://pupasview.ochoa.fib.es and through
http://www.pupasnp.org.
INTRODUCTION
Single nucleotide polymorphisms (SNPs) are the simplest
and most frequent type of DNA sequence variation among
individuals and, with the recent availability of high-
throughput methodologies, are considered one of the most
powerful tools in the search for e.g. disease susceptibility
genes and drug response-determining genes (1,2). However,
complex diseases, for which markers display weak associ-
ations, still constitute a challenge. Most probably, advance-
ment in the knowledge of such diseases will come from
improved genotyping methods in combination with the proper
bioinformatics design strategies (3).
It is generally believed that multigenicity reflects disrup-
tions in proteins that participate in a protein complex or in a
pathway (4). Typically, SNPs have been used as markers; that
is, the real determinant of the disease was not the SNP itself
but some other mutation in linkage disequilibrium (LD) with
it. Because of this, the use of functional SNPs could be an
important factor in increasing significantly the sensitivity of
association tests. In fact, several complex genetic disorders
such as Alzheimer’s disease (5) and Crohn’ disease (6) have
been associated with functional SNPs, lending weight to strat-
egies giving priority to candidate markers based upon predict-
able function. Several estimations suggest that, on average,
some 20% of SNPs could directly damage proteins (7).
Much attention has been focused on modelling by different
methods the possible phenotypic effect of SNPs that cause
*To whom correspondence should be addressed. Email: jdopazo@ochoa.fib.es
Present address:
Lucia Conde, Juan M. Vaquerizas and Joaquı´n Dopazo, Department of Bioinformatics, Centro de Investigacio´n Prı´ncipe Felipe, Valencia 46013, Spain
 The Author 2005. Published by Oxford University Press. All rights reserved.
The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org
Nucleic Acids Research, 2005, Vol. 33, Web Server issue W501–W505
doi:10.1093/nar/gki476
amino acid changes (7–13), and only recently has interest
focused on functional SNPs affecting regulatory regions or
the splicing process (14). However, there is increasing evid-
ence that many human disease genes are the result of exonic or
non-coding mutations affecting regulatory regions (15–17).
A recent large-scale screening over a set of 16 chromosomes
found SNPs in the promoter regions of 35% of the genes, and
experimental evidence suggested that around a third of
promoter variants may alter gene expression to a functionally
relevant extent (18). Alternative splicing produced by muta-
tions in intron/exon junctions, or in distinct binding motifs,
such as exonic splicing enhancers (ESEs) (19), has also been
related to different diseases (20). In fact, it has been estimated
that 15% of point mutations that result in human genetic
diseases cause RNA splicing defects (21).
In addition to functional information, population frequency
is another important factor to be taken into account when
selecting SNPs. Thus, infrequent polymorphisms will be of
scarce interest as markers. Also, LD is another interesting
factor in selecting SNPs as markers since, if two SNPs are in
strong LD, only one of them will provide enough information
for any association or linkage test.
With the idea of selecting optimal sets of SNPs using as
much information as possible on putative phenotypic effect,
population frequencies and LD, we have developed Pupas-
View (Putative Phenotypic Alterations caused by SNPs
Viewer), a server that can be used alone or in combination
with PupaSNP (14).
PupasView works not only as a viewer of where SNPs are
located, but also as a selector in which different filters based on
combinations of functionality and population frequencies can
be interactively applied over the LD parameters in order to
obtain an optimal selection of SNPs for genotyping studies, in
such a way that with a minimum number of SNPs maximum
information on the genic region is obtained.
Criteria to consider an SNP a good candidate for
genotyping studies
There are three important properties for an SNP to be con-
sidered an optimal candidate for genotyping purposes: func-
tional effect, minor allele frequency and LD with respect to
other SNPs. Finding such optimal SNPs is not always possible,
but the idea behind PupasView is to facilitate the selection
process in order to achieve a final collection of SNPs bearing
the maximum amount of information. PupasView works as an
SNP selector. Different filters can be interactively applied to
the LD information available based on distinct functional
properties, cross-species conservation and population fre-
quency. This permits a final selection of a minimum number
of SNPs with optimal properties in terms of population
frequencies and potential phenotypic effect.
Finding SNPs with potential phenotypic effect
PupasView uses a precompiled database which contains a
collection of dbSNP entries mapped to the Golden Path
genome assembly, as implemented in the human section of
Ensembl (http://www.ensembl.org). Part of this database is
common to the PupaSNP program (14). The SNPs have
been labelled according to their potential effects on the pheno-
type. We have taken into account both transcriptional and gene
product levels. Regions 10 000 bp upstream of the genes
belonging to the promoter region of each gene in the list
have been scanned for the presence of possible different
regulatory motifs. These include alterations in:
(i) Transcription factor binding sites. Promoter regions were
scanned for the presence of possible transcription factor
binding sites. The program Match (22) was used for
this purpose, using only high-quality matrices and with
a cut-off to minimize false positives from the Transfac
database (23). SNPs located within these motifs are con-
sidered to have a putative phenotypic effect in the expres-
sion of the gene. Almost four million such motifs were
found, with 130 373 SNPs mapping onto them.
(ii) Intron/exon border consensus sequences. Ensembl APIs
(24) were used to extract the intron/exon organization of
the genes and the corresponding sequences. The two con-
served nucleotides on each side of the splicing point, which
constitute the splicing signal (21), were then located and all
the SNPs altering these signals were recorded. More than
700 000 intron/exon boundaries could be defined in human
genes with 1786 SNPs mapping onto them.
(iii) ESEs. Mutations that inactivate or activate an ESE
sequence may result in exon skipping, errors in alternative
splicing patterns, malformation and so on. Different
classes of ESE consensus motifs have been described,
but they are not always easily identified. Exon sequences
were scanned to identify putative ESEs responsive to the
human SR proteins SF2/ASF, SC35, SRp40 and SRp55,
using the available weight matrices (20). A score was
obtained that is related to the likelihood that the site
found is a real ESE. Only ESE sites with scores over the
threshold [see (20) for details] were taken into account in
the analysis. More than 11 million ESEs were found, with
299 106 SNPs located in them.
(iv) Triplex-forming oligonucleotide target sequences (TTSs).
It has been found that the population of TTSs is much more
numerous than expected from simple random models (25).
The population of TTSs is large in the whole genome,
without major differences between chromosomes, but
with a large concentration in regulatory regions, especially
in promoter zones, which suggests a tremendous potential
for triplex strategy in the control of gene expression (25).
Although the role of TTSs in regulation is still a matter of
speculation, the program also reports SNPs disrupting
these structures. Some 5.4 million putative triplex-
forming sequences were found, and 364 314 SNPs mapped
onto them.
(v) SNPs in exons that cause an amino acid change. Any SNP
causing a change of amino acid, independent of any
speculation on its possible phenotypic effect, is reported.
There are 45 906 such SNPs.
(vi) SNPs in exons that cause an amino acid change with
putative pathological effect. The putative pathological
effect of an amino acid change can be predicted using
neural networks (NNs) carefully trained to predict disease-
associated amino acidic polymorphism (12,13). The server
implements a small NN (1 hidden layer and 20 nodes) and
three sequence-derived descriptors (PAM40, PSSM and
variability), which are either retrieved from databases or
determined internally from multiple alignments using
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two-iterations PSI-Blast (26) run over a non-redundant
SwissProt/TrEMBL database. The trained method dis-
plays a success rate>80% in cross-validation experiments.
According to the algorithm, 19 309 SNPs displayed a high
probability of having pathological effect.
(vii) Human–mouse conserved regions. Untranslated whole
genome comparisons by BLASTZ were performed for
species pairs which are thought to be similar enough to
be able to detect homology directly at the DNA level (27).
Of particular interest is mouse (or rat) because of its
phylogenetic position with respect to humans: distant
enough to interpret conservation as important but not so
distant as to lose most of the similarity. The phenotypic
effect of a change in such regions is quite speculative, but
cross-species conservation can be useful in cases in which
no other information is available. It is also useful for rein-
forcing the likelihood of other predictions (e.g. an ESE in a
conserved region is more likely to be real than one in a
non-conserved region).
Frequency information and validation status
There are >10 million SNPs stored in the last build of dbSNP
(build 124), and more than half of these have been validated
by different means (http://www.ncbi.nlm.nih.gov/SNP/snp_
summary.cgi). Validation status is annotated and is an import-
ant field in terms of trusting an SNP. But, in addition to being
real, an SNP must exist in the population at frequencies which
make it a suitable marker. Very infrequent SNPs are not
suitable for association or linkage studies. For almost half a
million SNPs frequency data in different populations are
available.
Blocks and LD parameters
LD measures the correlation between two neighbouring gen-
etic variants in a specific population. The program HaploView
(28) is used to infer blocks using different procedures. In one
of the most common procedures (29), 95% confidence bounds
based on the D0 LD parameter are generated and each com-
parison is called ‘strong LD’, ‘inconclusive’ or ‘strong
recombination’. A block is created if 95% of informative
(i.e. non-inconclusive) comparisons are ‘strong LD’. A block
can be considered a region with a low recombination rate.
Ideally, a block could properly be described by a unique
SNP. Two other methods are used: the four gamete rule
(30) and the Solid Spine of LD (28). Blocks are displayed
in the bottom of the PupasView window. Also D0, R2 and LOD
parameters between adjacent SNPs can be visualized by pla-
cing the cursor between them. Only HapMap genotyped
SNPs (31) are used to calculate blocks and LD parameters.
The web interface of the SNPs selector
The main purpose of PupasView is to provide the user with an
optimal set of SNPs for genotyping experiments by filtering
the annotated SNPs using a series of filters related to their
impact in protein functionality and pathology, their population
frequency and LD.
The input is a gene identifier (Ensembl IDs or external IDs,
which include GenBank, Swissprot/TrEMBL and other gene
IDs supported by Ensembl). The program can also be invoked
from PupaSNP. The program presents a list of options that can
be selected and applied as many times as desired. The options
include
 Validation status obtained from dbSNP
 Type of SNP (coding, intron, untranslated region, local),
according to its position in the gene
 Frequency and population, an option that allows the possi-
bility of filtering by a range of frequencies of the minor allele
in one or more populations (Europe; Europe, multinational;
Europe, North America; North America; Central/South
America; North/East Africa and Middle East; Central/
South Africa; West Africa; Central Asia; East Asia; Pacific;
multinational; unknown; HapMap)
 Functional properties as follows:
– non-synonymous SNPs [all or only those predicted as
pathological by the pmut algorithm (12,13)]
– SNPs disrupting predicted transcription factor binding
sites (all or only those that are in regions conserved in
the mouse genome)
– SNPs disrupting predicted ESEs (all or only those that
are in regions conserved in the mouse genome)
– SNPs disrupting potential triplex-forming regions (all or
only those that are in regions conserved in the mouse
genome)
– SNPs disrupting intron/exon boundaries
– regions conserved in mouse
 Options for the way in which blocks are constructed:
– confidence intervals (29)
– four gamete rule (30)
– Solid Spine of LD (28).
Figure 1 shows the view of the results. The viewer of
PupasView has been constructed using Ensembl APIs (24).
Figure 1A shows the result of running PupasView on the gene
TP53 without applying any filter. All the SNPs in the gene and
the neighbourhood are displayed. If the cursor is over an SNP,
information on it is displayed by means of pop-up text.
Figure 1B shows a subselection of these SNPs obtained
after selecting only SNPs for which population frequency
was available. Finally, Figure 1C shows the selection obtained
if only SNPs with putative functional effect are chosen. This
will constitute the final, reduced subset of optimal SNPs. The
upper horizontal bar below the figure represents LD paramet-
ers (which can be individually obtained by placing the cursor
over them). The lower horizontal bar represents the block
found with the selected algorithm. The blocks are displayed
graphically with brown rectangles going from the first to the
last SNP within the block. When the cursor is over the rect-
angles, a tooltip text pops up in the block showing the SNPs
and the haplotypes (with HapMap frequencies in parentheses).
Tag SNPs are signalled with an exclamation mark (!).
DISCUSSION
It is believed that improved genotyping methods in combina-
tion with the proper bioinformatics design strategies will offer
better opportunities for the study of complex diseases (3). The
use of functional SNPs could be an important factor in increas-
ing the sensitivity of association tests. Different bioinformatics
approaches have been focused mainly on the effect of coding
SNPs, but also recently on SNPs affecting the regulation or the
splicing of genes (14).
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PupasView is the first tool that integrates both transcrip-
tional and translational phenotypic effects caused by poly-
morphisms. It provides an interactive environment in which
functional information and population frequency data can be
used over LD parameters as sequential filters to obtain a final
list of SNPs optimal for genotyping purposes.
PupasView is closely linked to our previous program
PupaSNP (14), which is a tool for selecting SNPs with putative
phenotypic effects. PupaSNP, designed for high-throughput
experiments, has been used to design >9000 sets of SNPs,
and has a daily average of 50 uses. PupasView assists in the last
refinement step of gene-by-gene selection of SNPs. Figure 1
illustrates the effect of applying successive filter steps, which
are, conceptually, first to select only those SNPs which are real
(with reported population frequencies) and then to select only
functional SNPs. In the last view (Figure 1C), LD parameters
can be used to help in the final selection.
More than 5000 SNPs have been selected using PupaSNP
and PupasView in the first step of the pipeline for the study of
polymorphisms at the Spanish National Genotyping Centre
(CeGen).
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ABSTRACT
We have developed a web tool, PupaSuite, for the
selection of single nucleotide polymorphisms
(SNPs) with potential phenotypic effect, specifically
oriented to help in the design of large-scale geno-
typing projects. PupaSuite uses a collection of data
on SNPs from heterogeneous sources and a large
number of pre-calculated predictions to offer a flexi-
ble and intuitive interface for selecting an optimal
set of SNPs. It improves the functionality of
PupaSNP and PupasView programs and implements
new facilities such as the analysis of user’s data to
derive haplotypes with functional information. A new
estimator of putative effect of polymorphisms has
been included that uses evolutionary information.
Also SNPeffect database predictions have been
included. The PupaSuite web interface is accessible
through http://pupasuite.bioinfo.cipf.es and through
http://www.pupasnp.org.
INTRODUCTION
Single nucleotide polymorphisms (SNPs) are the simplest
and most frequent type of DNA sequence variation among
individuals and constitute one of the most powerful tools in
the search for disease susceptibility genes, drug response-
determining genes and the like (1,2). With the introduction
of large-scale genotyping techniques the bottleneck in this
type of experiments has moved towards the management
and analysis of the data generated. In this context, one of
the topics which has become a problem is the step of the
selection of the optimal set of SNPs (among several thousands
of candidates in some cases) for the genotyping experiment.
Optimal SNPs must be the best possible markers for traits,
which often are multigenic, usually reflecting disruptions in
proteins that participate in a protein complex or a in a pathway
(3). Unfortunately, complex multigenic traits, for which
markers display weak associations, still constitute a challenge.
Factors such as linkage disequilibrium (LD) and minor allele
frequency (MAF) are of major importance for selecting
optimal candidate SNPs. Recently, the predicted functional
effect of an SNP is gaining importance as a selection criterium
because it constitutes a potential important factor for increas-
ing the sensitivity of association tests significantly (3–6). The
availability of information on LD from projects such as
HapMap (7), on MAFs (8) and improved methods for predict-
ing function (5,6,9), allow for a more sophisticated selection of
candidate SNPs beyond the classical one-SNP-at-a-time
approach. Thus, SNPs can be selected taking into account
the evolutionary constraints of the region analysed along
with its likelihood of being the causative agent of any type
of damage. Algorithms which use information to facilitate the
posterior analysis of the results, such as the estimation of
haplotype blocks (10), combined with functional prediction
of the effect of the SNPs, are expected to have a major impact
on the efficiency of a large-scale genotyping study. PupaSuite
belongs to this new generation of tools. PupaSuite combines
the facilities offered by PupaSNP (6) and PupasView (5) with
new algorithms and visualisation procedures for functional
haplotype prediction. The PupaSNP and PupasView programs
are part of the pipeline of genotyping of the Spanish National
Genotyping Center (CeGen; http://www.cegen.org/). Both
tools combined bear an average of 60 SNP designs per day.
OUTLINE OF THE PROGRAM
PupaSuite combines the functionality of PupaSNP (6) and
PupasView (5) in a unique and more integrated interface,
and adds new modules to facilitate the selection of the optimal
set of SNPs for a large-scale genotyping study. Following
the philosophy of PupaSNP, the program allows to input
either lists of genes or chromosomal regions, which would
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correspond to two common types of analysis: genes probably
related to a disease because they are functionally related
(e.g. they belong to a pathway affected in the disease), or
genes present in a chromosomal region linked to a disease.
PupaSuite can also directly analyse lists of SNPs. In these three
cases a list of SNPs with their putative functional effect
is reported. In the case of chromosomal regions it is also
possible to find haplotype blocks (10). For the list of SNPs,
in addition to their putative functional effect, it is possible
to retrieve information on MAF in different populations
from dbSNP (8) [as annotated in the Ensembl (11)], as well
as LD parameters and haplotype blocks.
In addition to the analysis of lists of SNPs there is
another new option: Functional haplotypes. This option
(see below) allows the user to test their own SNP data and
to find haplotypes (12) with the functional SNPs (5,6) and
the tag SNPs (13) highlighted. Case-control studies can
also be performed at this stage. The option Display and Filter
SNPs for a single gene implements new functionalities in
an environment a la PupasView (5). More information is
presented in a graphical intuitive format (Figure 1). This
option allows the sequential and interactive application of
filters based on functionality, conservation, MAF and the
like (5) thus permitting an easy selection of a set of optimal
SNPs for a particular gene.
CRITERIA TO SELECT SNPS AS A GOOD
CANDIDATES FOR GENOTYPING
Here three important features of a SNP have been taken into
account in order to be considered as an optimal candidate
for genotyping purposes: MAF, LD with respect to other
candidates (5) and putative functional effect. MAF values
were taken from the Ensembl (11), which maps dbSNP (8)
data onto the corresponding chromosomal coordinates. LD are
calculated as r2 and D0 with the Haploview program (14). The
putative functional effect has been estimated in both coding
and non-coding regions as described in (5). The following
features have been used to report the putative functional effect
of a polymorphism in non-coding nucleotides:
(i) Transcription factor binding sites from the Transfac
database (15).
(ii) Intron/exon border consensus sequences.
(iii) Exonic splicing enhancers (16).
(iv) Triplex-forming oligonucleotide target sequences (17).
Regarding the putative impact of a cSNP, the following data
and estimators are reported:
(i) SNPs in exons causing an amino acid change (purely a list
of cSNPs)
(ii) Pmut (18,19) predictions.
(iii) Selective strengths (w parameter). This estimator is new
in this version of the program (see below)
(iv) SNPeffect (9,20,21) predictions. New in this version of
the program (see below).
The likelihood of the predictions can be reinforced by looking
simultaneously for human-mouse conserved regions (22) as
reported in Ensembl (http://www.ensembl.org).
EVOLUTION AT WORK: THE SELECTIVE
STRENGTHS ON CSNPS
The combined effect of all the selective pressures causes the
preservation of the functionally relevant parts of the genes.
Under this perspective, comparative and evolutionary studies
have been used to predict the putative functional effect of
SNPs (19,23) although these have mainly ignored the under-
lying phylogeny. Here we present another more accurate esti-
mator of functional effect, based on sequence comparison, but
taking into account phylogenetic information (24). The selec-
tive pressures acting at a codon-level where non-synonymous
cSNPs are found were evaluated by means of two alternative
approaches: codon-based maximum likelihood (ML) models
(25) implemented in PAML (26), and likelihood-ratio (SLR)
method (27) for testing deviations of neutrality.
Under the first approximation, an a priori statistical distri-
bution describing the variation of w ¼ dN/dS among sites is
assumed for a number k of different classes of sites with wk
values at a proportion pk of the sequences representing the
effects of purifying selection (0 < w0 < 1), neutral evolution
(w1 ¼ 1), and positive selection (w2 > 1) (25). The method
involves two main steps: first, the adjustment by maximum
likelihood of the evolutionary parameters to the sequences of
the species compared considering two different models; and
second, the use of the Bayes theorem to compute the posterior
probability that each site belongs to a specific site class wk
defined under an a priori distribution (28). Two different
models (M2a and M8) were evaluated by maximum likelihood
on the sequences (29).
Under the sitewise likelihood-ratio method (SLR) a site-
by-site approach to test for neutrality is used. In contrast to
similar approaches developed previously (30), SLR uses the
entire alignment of the sequence to determine parameters
common to all sites, such as evolutionary distances. Using
this approach there is no need to specify a model of how w
varies along the sequence. A correction for multiple testing
in order to obtain statistical confidence for inferences on
deviations from neutrality on each site is also performed.
SNPEFFECT DATABASE
The SNPeffect database (9) describes the effect of coding
non-synonymous SNPs on several phenotypic properties
of human proteins using either sequence-based or structural
bioinformatics tools. Molecular phenotypes are grouped
in three categories: structure and dynamics, functional
sites and cellular processing. Next to various external tools
SNPeffect uses algorithms developed at the collaborating
research groups, among which Tango (20) to predict
b-aggregation regions in protein sequences and FoldX (21)
to predict the stability change caused by the single amino acid
variation.
FUNCTIONAL HAPLOTYPES
In addition to using already available data, the users can
input their own data to use the predictions on possible func-
tional effects in combination with haplotype analysis. This
possibility can be used through the Functional haplotypes
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Figure 1. Output with the graphic representation of SNPs with putative functional effect in the gene BRCA2, along with LD maps.
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option. Data must be provided to the program in linkage
pedigree format (pre MAKEPRED, http://pupasuite.bioinfo.
cipf.es/html/help/index.html). The PupaSuite estimates
blocks by three methods: Confidence intervals (10), Four
gamete rule (31) and Solid Spine of LD (14) and reconstruct
haplotypes using the EM algorithm (12) as implemented in
Haploview (14). The haplotypes found in this way are repre-
sented with the corresponding functional information on all
the SNPs included in it and all the LD values. This repres-
entation provides a very intuitive picture of the possible func-
tional impact of any of the haplotypes beyond the individual
effect of each SNP. For case/control data a chi-square test
is performed and the corresponding P-value for the allele
frequencies in cases versus control is reported. The combina-
tion of functional haplotype information with case/control
tests allows to easily ascribe cases to haplotypes with
functional alterations.
DISCUSSION
We have presented an integrated resource for helping in the
selection of optimal sets of SNPs oriented to large-scale geno-
typing assays. The program merges the functionalities of other
two previous resources, PupaSNP (6) and PupasView (5), and
expand the capabilities of the program with new information
and new facilities. The SNPeffect database (9) as well as a
new, unpublished prediction method has been included to
improve the estimation of the putative pathological effect
of SNPs. Moreover, in addition to use publicly available
data on SNPs, users can analyse their own experiments.
What is novel and unique to tools of this type is the possibility
of analysing functionally haplotypes, beyond the classical
analysis one-SNP-at-a-time which ignores interactions
between the mutations.
The usefulness of this type of resources is proven by the use
made by the CeGen in its pipeline of genotyping. The previous
tools, which have been running for more than two years, have
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ABSTRACT
We present the ISACGH, a web-based system that
allows for the combination of genomic data with
gene expression values and provides different
options for functional profiling of the regions
found. Several visualization options offer a conve-
nient representation of the results. Different effi-
cient methods for accurate estimation of genomic
copy number from array-CGH hybridization data
have been included in the program. Moreover,
the connection to the gene expression analysis
package GEPAS allows the use of different
facilities for data pre-processing and analysis.
A DAS server allows exporting the results to
the Ensembl viewer where contextual genomic
information can be obtained. The program is freely
available at: http://isacgh.bioinfo.cipf.es or within
http://www.gepas.org.
INTRODUCTION
Genetic aberrations, such as losses (deletions) or gains
(ampliﬁcations) of genetic material that aﬀect certain
regions of the genome, have been shown to be on the basis
of many human pathologies, including rare diseases,
as mental retardation (1), or much more prevalent
pathologies, as cancer (2).
Classical approaches to characterize these genetic
aberrations used comparative genomic hybridization
(CGH), in which genomic DNA was hybridized to
metaphase chromosomes (3). Recently, however, the use
of diﬀerent types of microarrays to directly study genomic
variations in DNA copy number is becoming more
and more popular. Such massive genomic approaches
are known as array comparative genomic hybridization,
or Array CGH (4). Diﬀerent options are used
to implement Array CGHs including large genomic
clones (5), cDNAs (6), oligonucleotides (7) and even
SNP genotyping platforms (8). These new technologies
along with the use of expression arrays oﬀer for the ﬁrst
time the opportunity of characterize in an accurate way
the dependence of gene expression on alterations in
genomic copy number (9,10).
As in other high-throughput methodologies, data
analysis and, in particular, biological interpretation of
the results constitutes a well-known bottleneck. Speciﬁc
problems related to the analysis of Array CGH can be
circumscribed mainly to: (i) the accurate deﬁnition of the
borders of the genetic alteration and the copy number
estimation, (ii) the appropriate mapping and visualization
of the data onto the chromosomes and (iii) the possibility
of formulating reasonable hypothesis that link genes to
diseases by understanding the alteration of the functions
at molecular level. The ﬁrst aspect has been the motiva-
tion for a number of analytical approaches recently
proposed (11,12). Although several programs have
been developed for array-CGH data visualization and
analysis, almost all of them are stand-alone applications
in diﬀerent programming languages such as R and
MATLAB scripts, C or java (12). To our knowledge
only two web-based applications for array-CGH data
analysis have been published to date: CAPweb (13)
and ArrayCyGHt (14). Among the speciﬁc problems
previously mentioned, probably, the last one is the most
relevant given that the ultimate aim of studies of copy
number chromosomal alterations is to understand what is
the functional eﬀect produced at molecular level that
can help to interpret the pathologic phenotype. In the
classical vision, one or a few key genes are the causative
factors for this type of pathologies, and the problem
consisted in identifying such genes within the region
ampliﬁed or deleted. This vision is changing by the recent
report of regions in the chromosomes of higher eukary-
otes containing coexpressing genes (15) which, in addi-
tion, are functionally related (16). Actually, regional
arrangements of genes have found to be regulated
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not only by copy number alterations but also by diﬀerent
mechanisms such as epigenetic modiﬁcations (17).
This reinforces the functional role of chromosomal
regions containing groups of functionally related genes
and their possible impact on diseases such as cancer (18).
This important aspect, however, remains mostly over-
looked in the tools for the analysis of copy number
alterations.
We present here the ISACGH program that allows
visualizing array CGH data or/and expression arrays onto
human or mouse chromosomal coordinates (automati-
cally found through their standard identiﬁers) and
represents the regions with copy number alterations
found by using diﬀerent methods. Correlations between
copy number and gene expression level can be visualized
in diﬀerent plots. The program ﬁnds minimal common
regions with altered copy number across diﬀerent arrays.
Although ISACGH can be used alone, it is tightly
integrated into the GEPAS (19,20) and Babelomics (21)
packages. Thus, normalization and any other data
transformation operations can directly be performed
within a common environment, without the necessity of
reformatting the data. The connection of ISACGH to
diﬀerent tools for functional proﬁling (21,22) oﬀer the
possibility of studying the enrichment in functionally
relevant terms (gene ontology, pathways, etc) in chromo-
somal regions with copy number alterations.
FUNCTIONALITY AND VISUALIZATION
The program
ISACGH (a meta acronym that stands for In Silico Array-
CGH) is a web-based integral system that allows studying,
within the same context, copy number alterations and
gene expression, and provides facilities for the functional
proﬁling of the regions aﬀected. ISACGH can process
most of the common gene identiﬁers and automatically
maps them onto chromosome coordinates (human or
mouse are available). ISACGH can input gene expression
values, genomic hybridization values or both simulta-
neously. It is not necessarily to use the same platform for
chromosomal and expression hybridizations. For exam-
ple, a case in which a BAC array is used for copy number
analysis and a cDNA array is used for gene expression
analysis can be analyzed. In principle the number of
probes that can be handled depends mainly on the
browser used and the memory of the client computer.
Current browsers can easily handle high density arrays in
the order of 100 000 probes or even more.
Input format
The input format is the one used by GEPAS (19,20) and
other similar tools and consists of a tab-delimited text ﬁle
where the ﬁrst column correspond to the probe identiﬁers.
The following column(s) correspond to the hybridization
intensities (or ratios if two-colour microarrays are used)
obtained for each probe in the microarray(s) analyzed.
Either genomic hybridizations or mRNA-derived hybri-
dizations are input in the same format. Additionally a ﬁle
with the chromosomal coordinates of the probes in the
chromosomes can be provided. Again, this is a tab-
delimited text ﬁle with four columns: the ﬁst one contains
the probe identiﬁers, the second one the chromosome in
which these are located and the third and fourth ones the
chromosome coordinates of the 50 and 30 ends of the
probes.
Functionality and representation of the results
When genomic hybridization is used, the program predicts
the regions with copy number alterations. If only gene
expression values are provided, these are mapped onto
their chromosomal coordinates. When both, genomic
and gene expression values are provided, changes in
genomic copy number are predicted and plotted in the
same ﬁgure together with expression values. Figure 1
shows a combined plot of copy number estimation
(blue line) and gene expression (grey bars) in the human
chromosome 18. An important aspect is the assessment of
the eﬀect of copy number in the global expression of the
genes contained in the ampliﬁed/lost region. To this end a
Student t-test has been implemented to assess diﬀerential
expression between the genes with normal copy number
(those in the base line block) and the genes found in
regions with copy number alterations. In addition, plots
for the direct visualization of the relationship between
both expression and copy number can be obtained.
Interestingly, if expression values are entered instead of
genomic hybridization values, the program can ﬁnd
regions of increased gene expression (RIDGEs) (15).
There are diﬀerent possibilities for the representation of
the results which include several types of multiple-view
plots (all the chromosomes of one sample or the same
chromosome for multiple samples). In addition, plots of
piled samples to detect minimal regions with deletions
(or ampliﬁcations) in the chromosomes can be obtained.
All the results obtained can be visualized in detail in the
ISACGH internal viewer but, as an additional and novel
Figure 1. Human chromosome 18. Multiple myeloma (mm) cell line
SK-MM-2 (see text) with copy number estimation (blue line) and gene
expression values (grey bars). The isowindow segmentation method was
used to estimate signiﬁcant alterations in copy number.
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feature, they can also be visualized onto the Ensembl
browser.
The distributed annotation system (DAS) is a client-
server system in which a single client, in this case the
Ensembl (http://www.ensembl.org), integrates informa-
tion from multiple servers (see http://www.biodas.org).
Using the DAS architecture, the Ensembl gathers genome
annotation information from multiple distant web sites,
collate such information, and display it to the user in its
viewer together with the own ensemble data and predic-
tions. Thus, the use of DAS servers for visualization of
any genomic feature on the Ensembl viewer oﬀer an
excellent environment for the study of the results
produced by ISACGH in the genomic context, with the
possibility of accessing to any type of available
information.
Then, if the Ensembl DAS server option is selected,
clicking onto a chromosomal region will produce the
creation of a DAS server with information about the
probes in the region and the copy number estimation. This
information is exported to the Ensembl viewer, which acts
as DAS client. Figure 2B shows approximately the same
chromosomal region than Figure 2A, but represented in
the Ensembl environment. Any genomic feature available
in Ensembl in the same chromosomal region can be
visualized together with the ISACGH results.
Breakpoint detection
Two methods for breakpoint detection, GLAD (23) and
CBS (24), which are among the best performers (11) have
been included in the program. We have also developed
and included two new methods: a segmentation method
(isowindow) and a method based on the slopes of
regression in local intervals for copy number change
detection. A comparison of the relative performances of
the methods implemented was carried out by means of
simulated data sets. The new methods proposed here
perform at least as well as the GLAD and CBS in terms of
tolerance to noise and accuracy in the determination of
breakpoints but are more eﬃcient in terms of runtimes
(data available in http://bioinfo.cipf.es/downloads/).
Functional profiling of regions with copy number alterations
As previously commented, the ultimate aim of an Array-
CGH experiment is to ﬁnd a molecular explanation for the
eﬀects of the detected copy number alterations. The
interpretation of genome-scale data is usually performed
in two steps: in a ﬁrst step, genes of interest are selected in
this case because they are located in the ampliﬁed (or lost)
region detected. In a second step, the selected genes of
interest are compared to the background (here the rest of
genes in the chromosome) in order to ﬁnd enrichment in
any functional category (gene ontology, KEGG pathways,
etc.) This comparison to the background is required
because otherwise the signiﬁcance of a proportion (even if
high) cannot be determined. Diﬀerent approaches have
been developed to this end (25). Here we will use the
FatiGO (22) method, which uses a Fisher’s exact test to
determine the enrichment in diﬀerent functional cate-
gories. In this case we will analyse the enrichment in
GO terms but other functional categories such as KEGG
pathways, Interpro functional motifs, Swissprot keywords
and some regulatory elements as transcription factor
binding sites or other regulatory motifs can also be
analyzed with this tool.
A CASE STUDY OF MULTIPLE MYELOMA
To illustrate the concept of functional proﬁling in the
context of array CGH we will use an example of multiple
myeloma (MM), an incurable form of haematological
neoplasia. The data and the experimental steps followed
are described in (26). The aim here was to identify any
possible region that contained copy number gains
(ampliﬁcations), to study the expression of the genes
included in that particular region and to understand the
possible functional consequences of such alterations.
Data from two-colour hybridizations for both nuclear
DNA and transcripts were normalized using the corre-
sponding GEPAS (19,20) module DNMAD and redir-
ected to ISACGH from there. The isowindow method, at
medium resolution, was used as the option for the
estimation of regions with copy number alterations. The
aim was to identify the ampliﬁed regions (amplicons) and,
to localize and identify the genes that are placed at the
amplicon limits. The next step involved the determination
of the global expression status of the genes included in
these amplicons. And the ﬁnal aim was to understand the
functional consequences associated to the alteration of the
expression of such genes.
The analysis was focussed in the chromosome 18, where
high level ampliﬁcation and recurrent gains were found by
conventional CGH in cell lines or primary patient samples
(27). Within this chromosome, a region with a high level
of ampliﬁcation (amplicon) located at the cytoband 18q21
was detected. MM cell line SK-MM-2 showed a well
deﬁned amplicon with an altered gene expression proﬁle
(Figure 1). Within the limits of the ampliﬁed region several
genes display higher expression rates (Figure 1).
Functional proﬁling of the amplicon revealed a
signiﬁcant enrichment in a number of GO terms in the
genes contained in such region. Thus, the GO terms
regulation of cellular process (GO:0050794) and regulation
of physiological process (GO:0050791) were signiﬁcantly
over-represented in the amplicon (FDR adjusted
p-value¼ 0.0336). Genes annotated with these terms
were: BCL2, MALT1, NEDD4L, MBD2, TNFRSF11A
and TCF4. Some of them have annotations at more
detailed levels in GO, although the number of genes is too
small as to produce statistically signiﬁcant results. For
example BCL2 and MALT1 are annotated as negative
regulation of programmed cell death (GO:0043069). These
results show how the ampliﬁcation is aﬀecting to a group
of functionally related genes and allows conjecturing their
global implication in the diseased condition.
DISCUSSION
We present ISACGH, a web-based integrated system that
allows simultaneously studying copy number alterations
Nucleic Acids Research, 2007, Vol. 35,Web Server issue W83
using array-CGH, their eﬀect on gene expression and the
possible functional impact of the chromosomal alteration.
In addition, ISACGH is integrated in the GEPAS
package, facilitating the normalization, data transforma-
tion and other higher-level analysis such as diﬀerential
gene expression, clustering, etc. This integration may
help researchers to overcome the necessity of cumbersome
data reformatting operations. Although other two web-
based applications for array-CGH data analysis are
available [CAPweb (13) and ArrayCyGHt (14)],
ISACGH is the only web-based tool oﬀering this
combination of analyses to our knowledge.
The results obtained in the case study suggest that the
alterations that ultimately lead to MM are not produced
by the deregulation of one unique gene, but are rather the
combined result of simultaneous deregulations of genes
involved in one or more pathways or biological functions.
Recent observations on the existence of a non-negligible
number of clusters of functionally- related genes suggests
that this phenomenon might be more frequent in
pathologies characterized by copy number alterations
than previously imagined. These ﬁndings stress on the
importance of the functional proﬁling for the proper
understanding of the functional implications of genomic
copy number alterations.
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Abstract: 
Contrarily to the traditional view in which only one or a few key genes were supposed to be the causative factors of 
diseases, we discuss the importance of considering groups of functionally related genes in the study of pathologies 
characterised by chromosomal copy number alterations. Recent observations have reported the existence of regions in 
higher eukaryotic chromosomes (including humans) containing genes of related function that show a high degree of co-
regulation. Copy number alterations will consequently affect to clusters of functionally related genes, which will be the 
final causative agents of the diseased phenotype, in many cases. Therefore, we propose that the functional profiling of 
the regions affected by copy number alterations must be an important aspect to take into account in the understanding 
of this type of pathologies. To illustrate this, we present an integrated study of DNA copy number variations, gene 
expression along with the functional profiling of chromosomal regions in a case of multiple myeloma. 
 
Keywords: profile; function; gene expression; chromosomal copy number 
 
Background:  
Genomic copy number alterations such as gains or losses 
of chromosomal regions have been shown to be on the 
basis of many human pathologies. Classical approaches 
to characterize these genetic aberrations used 
comparative genomic hybridisation (CGH), in which 
genomic DNA was hybridised to metaphase 
chromosomes. [1] Recently, the use of different types of 
microarrays to directly study genomic variations in DNA 
copy number is becoming more and more popular. Such 
massive genomic approaches are known as array 
comparative genomic hybridisation, or Array CGH. [2] 
These new technologies along with the use of expression 
arrays allow for a highly accurate characterisation of the 
dependence of gene expression on alterations in genomic 
copy number. [3] 
 
As in many genome-scale methodologies data analysis 
and, in particular, the biological interpretation of the 
results constitutes a well-known bottleneck. Specific 
problems related to the analysis of Array CGH can be 
circumscribed mainly to two types: appropriate mapping 
and visualisation of the data onto the chromosomes, and 
efficient copy number estimation. This last aspect has 
been the motivation for a number of analytical 
approaches recently proposed [4], that can be considered 
the first generation of algorithms for Array CGH 
analysis. Obviously, copy number variations are 
expected to have a strong effect on gene expression. [5, 
6] Nevertheless, the ultimate aim of studies of copy 
number chromosomal alterations is to understand what is 
the effect produced in functional terms. In the classical 
vision one or a few key genes are the causative factors 
for the this type of pathologies, and the problem 
consisted in identifying such genes within the region 
amplified or deleted. The existence of regions in the 
chromosomes containing coexpressing genes [7] which, 
in addition, are functionally related has recently been 
reported even in higher eukaryotes. [8] Actually, 
regional arrangements of genes have found to be 
regulated not only by copy number alterations but also 
by different mechanisms such as epigenetic 
modifications. [9] This reinforces the functional role of 
chromosomal regions including groups of functionally 
related genes and its possible impact on diseases such as 
cancer. [10] These observations give credence to a new 
vision in which chromosomal alterations can be causing 
effects not by altering single key genes but by acting on 
complete molecular sub-systems such as pathways of 
functionally related genes. Recently, different 
approaches have focused on the functional aspects of the 
results of microarray experiments. [11, 12] Nevertheless, 
the possible functional significance at regional level of 
copy number alterations has been largely ignored. Here 
we present a combined approach to the study of copy-
number alterations, gene expression and functional 




Functional profiling of Array-CGH experiments under 
this new perspective would require of three steps: 1) 
detection of regions with copy number variations (the 
origin of the disease), 2) detection of regional alterations 
in gene expression (the causes of the disease) and 3) 
analysis of enrichment in functional terms in the detected 
regions (the consequences of the alteration or the 
functional basis of the disease). While copy number 
alterations can be detected by means of different 
methods, alterations in the levels of gene expression are 
not always easy to be detected using the typical methods 
(t-test or similar) due several factors such as small 
sample sizes. For this reason here we will only use plots 
to visualize the effect of one variable (copy number) into 
the other one (expression level). The third step, the 
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functional profiling, becomes then the most important 
aspect of the analysis given that it will provide a 
functional explanation of the molecular basis of the 
disease caused by copy number alterations. 
 
Detection of copy number alterations 
We have used a segmentation method which is a variant 
of the circular binary segmentation method [14], for 
copy number change detection (isowindow). 
 
The isowindow method tries to identify boundaries 
between regions with a significant change in the values 
of intensity of hybridisation of the probes by some 
consecutive steps. Firstly a t-test is used to determine 
differences between regions around all possible 
boundary points. Once all the candidate boundaries have 
been selected (a liberal p-value is used at this stage) there 
are sorted from small to high minimum p-values. In a 
second step the boundary candidates in the list with 
overlapping neighbourhoods are filtered to obtain a 
refined list of optimal non-overlapping boundary 
candidates. All the p-values are recalculated for the 
redefined neighbourhoods and a more stringent threshold 
is applied here. Finally, regions at both sides of each 
boundary candidate are again compared with a t-test. If 
they are not significantly different in their average 
hybridisation values, then they are merged as a unique 
region. Otherwise they define two regions with different 
copy number value. This is a simple and quick procedure 
that allows for easily changing from fine to coarse 
resolution by modifying the thresholds for the p-values. 
 
We have compared isowindow to other two methods for 
breakpoint detection, GLAD [15] and circular binary 
segmentation (CBS) [14], which are among the best 
performers. [4] In the GLAD method a likelihood 
function with weights determined adaptively is used to 
solve the copy number estimation problem locally based 
on data smoothed. Then, the algorithm finds, for each 
probe, the maximal neighbourhood in which the local 
constant assumption holds. Each of the constant pieces 
of the line define a block of probes with similar copy 
number among them and different copy number from 
that of the nearby regions. On the other hand, the CBS 
method selects firstly a segment of the data (a group of 
probes that are all consecutively arranged in the genome 
or in a chromosome). The copy number measures of the 
probes in that segment are compared to those in the 
reminder dataset using a t-statistic. Hence, the method 
can distinguish whether the segment chosen has a copy 
number that is higher or lower than the overall copy 
number in the data, assumed to be the normal reference. 
This scheme is iterated exhaustively for all possible 
segments in the dataset, spotting those that correspond to 
regions of altered copy number. 
 
An approximation to the relative performances of the 
methods used was obtained by means of simulated data 
sets. Such datasets were generated by means of a 
piecewise constant function plus random alterations 
normally distributed with mean value and three different 
levels for the standard deviation (corresponding to noise 
levels 0.2, 0.5 and 1). A mean value of 0 would 
correspond to a normal region, without copy number 
alterations, while mean values lower and higher would 
correspond to deletions or amplifications at different 
degrees, respectively. Amplified and deleted regions of 
different sizes are randomly situated within the simulated 
normal chromosome and the methods have to locate 
them at different noise levels. The method proposed here 
performs at least as well as the GLAD and CBS (Table 
1) while being more efficient in terms of runtimes. 




Noise level GLAD Isowindow CBS 
0.2 96.9 100.0 90.6 
0.5 40.6 62.5 87.5 
1.0 9.4 21.9 21.9 
Table 1: Percentage of success in finding copy number alterations in the simulation of the four methods for copy 
number estimation included in ISACGH 
__________________________________________________________________________________________ 
Functional profiling of regions with copy number 
alterations 
The final aim of a Array-CGH experiment is to find a 
molecular explanation for the effects of the detected 
copy umber alterations. The interpretation of genome-
scale data is usually performed in two steps: in a first 
step genes of interest are selected in this case because 
they are located in the amplified (or lost) region detected. 
In a second step, the selected genes of interest are 
compared to the background (here the rest of genes in the 
chromosome) in order to find enrichment in any 
functional category (gene ontology, KEGG pathways, 
etc.) This comparison to the background is required 
because otherwise the significance of a proportion (even 
if high) cannot be determined. Different approaches have 
been developed to this end. [11] Here we will use the 
FatiGO+ (16) program, which uses a Fisher’s exact test 
to determine the enrichment in different functional 
categories including gene ontology, KEEG pathways, 
Interpro functional motifs, Swissprot keywords and some 
regulatory elements such as transcription factor binding 
sites or other regulatory motifs. [17] 
 
Discussion: 
We have implemented all the described functionalities in 
a program, ISACGH (an acronym for In Silico Array 
CGH), which is used to illustrate the concept of 
functional profiling of CGH arrays with an example of 
multiple myeloma (MM), an incurable form of 
haematological neoplasia.  
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Nine MM cell lines were obtained from the DSMZ 
(Deuche Sammlung von Mikroorganismen und 
Zelkuturen GmbH, Braunschweig, Germany) and were 
cultured under recommended conditions. DNA and RNA 
were extracted using supplier’s protocols. Microarray 
assays were performed using the CNIO OncoChip, 
which contains 7657 different cDNA clones of cancer 
related genes. [18] CGH experiments onto cDNA arrays 
and hybridisation were performed as described in [13] 
and quantified using the GenePix Pro 5.0 software (Axon 
Instruments Inc., Union City, CA). Cy3/Cy5 ratio values 
were normalized using the DNMAD tool from the 
GEPAS [19, 20, 21] and the resulting data were 
transformed to log2 ratios. Our purpose was to identify 
any possible region that contained copy number gains 
(amplifications), to study the expression of the genes 
included in that particular region and to understand the 
possible functional consequences of such alterations. 
 
Using the segmentation method as implemented in the 
ISACGH we could detect a putative amplicon in the 
chromosome 18 (which remained undetected with both 
GLAD and CBS, because of the low density of the array, 
although the effect would have been the same in a high 
density arrays with a small amplicon) The figure shows 
the region (left) and the slight, although appreciable, 
differences in gene expression levels within the amplicon 
(right).  
 
A unique feature offered by ISACGH is the possibility of 
obtaining a functional profile of the detected 
chromosomal regions. When the amplicon is analysed 
through the FatiGO+ program [16, 17] a number of GO 
terms arise as over-represented in the genes contained in 
such region. Thus, the GO terms regulation of cellular 
process (GO:0050794) and regulation of physiological 
process (GO:0050791) were significantly over-
represented in the amplicon (FDR adjusted p-value= 
0.0336). Genes annotated with these terms were: BCL2, 
MALT1, NEDD4L, MBD2, TNFRSF11A and TCF4. 
Some of them have annotations at more detailed levels in 
GO, although the number of genes was too small as to 
produce statistically significant results. For example 
BCL2 and MALT1 are annotated as negative regulation 
of programmed cell death (GO:0043069). These 
observations suggest that some processes altered, that 
ultimately lead to diseases, are not produced by the 
deregulation of one unique gene, but are the combined 
result of simultaneous deregulations of genes involved in 
a pathway or a particular biological function. In addition, 
these findings stress the importance of the use of 
functional profiling methods for the proper 
understanding and interpretation of the results of the 
genome-scale experiments. This unique feature included 
in ISACGH is of extreme importance since growing 
evidence suggests the existence of clusters of 
functionally related genes in the chromosomes [8] and 
the possible impact on diseases such as cancer. [10] 
 
Figure 1: Detection on an amplicon in the chromosome 18 and the relationship between copy number estimation and 
gene expression. Left: the blue line represents the copy number estimation and the grey bars represent the individual 
gene expression values represented onto the same chromosomal coordinates. Right: boxplots of gene expression 
values for the regions with no copy number (a log-ratio of approximately 0) and the amplicon region, which is a 
duplication (a log-ratio of approximately 1) There is a slight increase in gene expression values in the region of the 
amplicon  
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Although ISACGH [22] can be used alone, it is tightly 
integrated in the GEPAS package. [19, 21, 23] GEPAS, 
that stands for Gene Expression Profile Analysis Suite 
(GEPAS), constitutes one of the most complete resources 
for microarray data analysis available over the web. 
GEPAS includes facilities for normalisations, clustering, 
gene selection, predictors and functional profiling. Thus, 
different operations (including pre-processing or 
normalization) can directly be performed within the 
same environment, without the necessity of any file 
reformatting step.  
 
Conclusion: 
Despite a number of applications dealing with the 
estimation of genomic copy number have been recently 
published [4], there are different aspects of the analysis 
of Array CGH data that have been poorly addressed or 
even ignored. Recent evidences strongly support the 
existence of regional arrangements of functionally 
related genes [8], with obvious consequences for the 
understanding of diseases characterised by copy number 
alterations, such as an important number of cancers. [10] 
This fact reduces the validity to the classical vision, in 
which one or a few key genes would be the causative 
factors of the disease, and urges to take into 
consideration the functional dimension in the 
interpretation of the effects of copy number alterations. 
In this new scenario, the deregulation of blocks of 
functionally related genes located in the chromosomal 
regions with copy number alterations would be behind 
the disease phenotype.  
 
The methods for functional profiling have proven in 
many scenarios its usefulness. An obvious challenge is to 
increase our knowledge in different aspects of function 
and cooperation between genes in order to be able of 
applying this methods in a way that allows us to unravel 
new unknown functional aspects of the biology of the 
cell and their connections to pathologies. 
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